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ABSTRACT 
 

 

Glycans are carbohydrate structures coating the cell surface of virtually all nucleated 

cells of vertebrates. A crucial function of glycans is in cell interaction and 

recognition, which is constantly exploited by bacteria and viral pathogens as targets 

for toxins, and as a receptor to aid recognition of and adhesion to host cells. Sialic 

acids, a 9-carbon compound commonly added as a terminal sugar on glycoconjugates 

is crucial to both bacteria and viruses causing a successful infection. Bacterial 

pathogens utilize sialic acids as a component of LOS and capsule, both key virulence 

factors. The decoration of the bacterial cell surface with sialic acid glycoconjugates 

has two roles; first, to mimic host glycans to evade the host immune system, second, 

in reducing the efficiency of complement mediated lysis and opsonophagocytosis. 

Several key bacterial pathogens including Haemophilus influenzae and 

Pneumococcus also utilize sialic acids as a carbon source. In viruses, host sialic acids 

glycoconjugates act as a receptor for viral recognition and adherence to host cells. In 

the case of influenza A virus, a viral neuraminidase is required to cleave and release 

newly formed viral particles from infected host cell. This thesis investigates the role 

of sialic acid glycoconjugates in pathogenesis to increase the understanding of sialic 

acid biology in human host adapted pathogens. The role sialic acids play in 

pathogenicity is investigated in the major human pathogens; non-typeable 

Haemophilus influenzae (NTHi) and Neisseria meningitidis and in human influenza A 

viral strains. 
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Chapter 1 of this thesis presents a literature review encompassing the diversity, origin, 

metabolism (eukaryotes and prokaryotes) and general functions of glycans, including 

the role glycans play in bacteria and virus–host interactions. Chapter 1 also introduces 

the 9-carbon sugar family, the sialic acids with emphasis on two sialic acid 

compounds; N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc). Both Neu5Ac and Neu5Gc play important roles in the pathogenicity of 

host-adapted pathogens investigated in this thesis namely; NTHi, N. meningitidis and 

influenza A virus. 

 

Chapter 2 of this thesis investigates the molecular basis of ferret susceptibility to 

human influenza virus.  CMP-Neu5Ac is converted to CMP-Neu5Gc by cytidine 

monophosphate-¬N-acetylneuraminic acid hydroxylase (CMAH). In humans the 

CMAH gene is inactive and only Neu5Ac is expressed. Ferrets are susceptible to 

human adapted IAV strains and have been the dominant animal model for IAV 

studies since the original isolation of IAV from humans. Here we show that ferrets, 

like humans, do not express Neu5Gc. Genomic analysis reveals an ancient, nine-exon 

deletion in ferret CMAH that is shared by the Pinnipedia and Musteloidia members of 

the Carnivora. Interactions between two human strains of IAV with the sialyllactose 

receptor, SAα2,6Gal confirm that the type of terminal SA contributes significantly to 

IAV receptor specificity, and suggests exclusive expression of Neu5Ac contributes to 

the susceptibility of ferrets to human-adapted IAV strains. 

 

In chapter 3 of this thesis, the molecular basis of NTHi preference for Neu5Ac, and its 

implication for the dietary acquisition of Neu5Gc, and the generation Neu5Gc-LOS as 

the antigenic source of human anti-Neu5Gc antibodies is investigated. NTHi is a 
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major pathogen infecting both adults (bronchitis, COPD) and children (otitis media). 

NTHi utilises and incorporates sialic acid Neu5Ac from the host as a terminal sugar 

on lipooligosaccharide (LOS). Sialic acid is critical in NTHi biofilm formation and 

evading the host immune system. Neu5Gc is found in most vertebrates but is absent in 

humans owing to a mutation in the Neu5Ac hydroxylase (CMAH) gene. Thus when 

"non-human" Neu5Gc is presented as a cell surface glycan, it is recognized by the 

immune system as a "foreign antigen" triggering the generation of xeno-

autoantibodies. Its been proposed that anti-Neu5Gc antibodies contribute to chronic 

inflammation, possibly contributing to tumour progression and vascular 

inflammation. Recent literature have hypothesised that anti-Neu5Gc antibody 

production in humans occur during infancy whereby dietary Neu5Gc is taken up by 

NTHi and presented on LOS. In this study we examined Neu5Gc uptake and 

presentation on NTHi LOS to determine whether the transient, low levels of dietary 

Neu5Gc are preferentially utilized and displayed on NTHi LOS. NTHi strain 2019 

was grown on media supplemented with various ratios of Neu5Ac and Neu5Gc. LOS 

was purified and Neu5Ac:Neu5Gc ratio determined by treatment with mild acidic 

hydrolysis followed by analysis and quantification using high performance anion 

exchange chromatography with amperometric detection. Results obtained show that 

Neu5Gc is not utilized as efficiently or preferred to Neu5Ac, when equal amounts of 

Neu5Gc and Neu5Ac are provided to NTHi in culture media. NTHi appears to have 

evolved to avoid presentation of Neu5Gc on LOS. 

 

Chapter 4 of this thesis involved a study designing compounds to inhibit function of 

CMP-N-acetylneuraminate synthetase enzyme of the human pathogen N. 

meningitidis.  Presentation of sialic acid on the N. meningitidis cell surface is key to 
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bacterial survival in the host. Compounds that decrease cell surface expression of 

sialic acid glycoconjugates by interfering with sialoglycoconjugate biosynthesis may 

therefore provide a novel approach to the development of and anti-microbial drugs.  

We targeted CMP-N-acetylneuraminate synthetase (CMAS), a key enzyme in the 

sialylation pathway. To probe bacterial CMAS, novel C-9 functionalized β-methyl 

neuraminic acid glycosides (β-methyl neuraminides) were synthesized.  A number of 

the C-9 carboxamide derivatives were found to reduce the activity Neisseria 

meningitidis serogroup B (NmB) enzymes. Saturation Transfer Difference (STD) 

NMR analysis of these compounds showed interaction with the protein. Moreover, 

binding was reduced upon addition of the enzyme's nucleotide substrate CTP, 

supporting the notion that the inhibitors bound to the enzyme’s active site. Incubation 

of N. meningitidis with the most active of these C-9 carboxamide derivatives reduced 

incorporation of sialic acid into the cell surface glycoconjugate  (LOS) oligosaccharde 

in a CMAS-dependent fashion. This study provides an excellent starting point for 

more detailed bacterial CMAS inhibitor development. 

 

In conclusion, this thesis highlights the importance of glycans in particular sialic acid 

glycoconjugates in bacterial and viral host adaptation, which is key for successful 

colonization, survival and replication within the human host.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Glycans 

Carbohydrates, along with lipids, proteins and nucleic acids, make up the four 

fundamental macromolecules essential for life to exist1. Different polymer interaction 

and combination amongst these molecules make up the cell, which constitute the 

building blocks for all living organisms2. Carbohydrates play many vital biological 

roles in the organism: serving as intermediates in energy production and structural 

components for multicellular organisms2, acting as cell markers for cell-to-cell and 

cell-to-matrix recognition3 4 5 and together with lipids, are responsible for several post 

translational modification processes of proteins6 7 8.  

 

“Glycans” is a term used to describe covalently linked sugars (monosaccharide) or 

sugar chain (oligosaccharide)6. When coupled with other biomolecules (eg. protein or 

lipid), carbohydrates form macromolecule glycoconjugates (eg. glycoprotein or 

glycolipid) (Figure 1). Glycans are present on the surface of virtually all nucleated 

cells in nature. The vast diversity and complexity in both the structure and function of 

glycans has led to a separate field of molecular biology specifically for glycans 

termed “glycobiology”2 9 10 11 12.  
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Figure 1: Cell surface lectin and glycoconjugate interactions. Glycans consisting 

of monosaccharide units (represented by spheres) function in intrinsic recognition in 

cell – cell recognition and in extrinsic recognition serving as a receptor for toxins to 

bind and in host – pathogen interactions. Diagram reproduced from Lehmann et al. 

(2006)13. 

 

1.1.1 Glycans: Diversity and functions 

Glycans are made from structural unit monosaccharides (most basic form of 

carbohydrates) through an enzymatic driven process called glycosylation5 7 8 14. A 

glycan would refer to any mono-, poly-, or oligosaccharide, covalently attached 

through glycosidic linkage to another biomolecule or may exist as a free entity by 

itself6 15. When attached to a biomolecule (eg. protein, lipid) a glycoconjugate is 
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formed (eg. glycoprotein, glycolipid) (Figure 2). A glycoconjugate can be defined as 

“a compound in which one or more monosaccharide or oligosaccharide units (termed 

the glycone) are covalently linked to a non carbohydrate moiety (termed the 

aglycone)”6 16 17.  

 

 

 

Figure 2: The different classes of glycans. A glycoconjugate is formed (eg. 

glycoprotein, glycolipid) when glycans (glycone) attached to a biomolecule 

(aglycone) (eg. protein, lipid). Two types of glycans are formed when bound to 

proteins; N- linked and O-linked. N-linked glycans are formed when bound to 

nitrogen atom of asparagines. O-linked glycans are instead bound to oxygen atom of 

serine or threonine amino acid residue side chains. Reproduced from Varki, A et al. 

(2009)16. 
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The majority of glycans are situated on the outer surface of secreted and cellular 

macromolecules and are responsible for a host of biological interactions: cell-cell, 

cell-matrix, cell-molecule and organism-organism (eg. host and parasite)3 4 5 18. 

 

Glycans and glycoconjugates can be classified in to several major classes based on the 

type of glycan linkage to the aglycone15 17. An example of this would be a 

glycoprotein whereby one or more glycans are attached to a protein via O-linkage or 

N-linkage on the polypeptide backbone15 17 and further subjected to various different 

modification by various sialyltransferases19 .  

 

The function of glycans is enormously varied owing to the sheer diversity of glycans 

through post translational modification of lipids, carbohydrates and proteins6 7 8. This 

is a brilliant mechanism by nature to produce huge variation from a small set number 

of genes in the genome. In broad terms, the function of glycans are (Figure 3): (i) 

involvement in structural and modulatory functions (of glycans itself and the 

molecule to which the glycan is attached to) and (ii) interaction and recognition of 

glycans by other molecules like glycan binding proteins (GBP)(eg. lectins and 

sulfated GAG-binding proteins)3 20 21 22. 

 

Glycans can mediate one or both functions mentioned. Important structural role of 

glycans is that it constitutes the polysaccharide coats of eukaryotic and prokaryotic 

cells respectively and serving various other cell stabilizing, barrier and protective 

functions23. Glycan interaction and recognition function constitutes the glycan serving 

as a ligand for intrinsic and extrinsic cell-cell interactions critical in function and 
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development3 5 7 24. Intrinsic recognition includes cell-cell and cell-matrix 

recognition. Extrinsic recognition includes interaction with viruses (hemagglutinins), 

bacteria, and parasites where it serves as a binding site, and being a recognition site 

for toxins  (eg. plant and bacterial toxins)4 5 23 25. An indirect function of glycans is 

serving as a tool of infection whereby pathogens mimic and decorate themselves with 

the glycan structures similarly found on the host cell surface26 27 28. This enables the 

pathogen to avoid detection by the host immune response. This evolutionary race 

between host and pathogen to outdo each other is termed the “Red Queen Effect”29.  

	  

 

Figure 3: The biological roles of glycans. The two general biological roles of 

glycans are in structural and physical interactions of the glycan molecules and in 

recognition. The latter group is divided between endogenous recognition involving 

cell-cell self recognition within the organism itself and exogenous recognition 

involving receptors in host-pathogen interactions. Reproduced from Gagneux, P. and 

Varki, A. (1999)24. 
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1.1.2 Role of glycans in bacteria  

Glycans are not only found on the exterior surface plant and animals cells, but also on 

all bacteria and viruses.  This attribute confers bacteria30 31 and viruses32 their 

virulence with the oligosaccharide and polysaccharide glycans serving as virulence 

factors. 

 

In bacteria, for example Haemophilus influenzae, such virulence factors include the 

polysaccharide capsule33, lipopolysaccharide (LPS)34 35 and the ability to form 

biofilms36.  The polysaccharide capsule covers the entire surface of the bacteria. The 

capsule can be composed of sugars such as sialic acids so that the pathogen can bind 

to host regulatory protein factor rendering the bacteria immune to the activity of the 

alternative complement pathway26. Bacteria also often decorate their protein 

structures with glycans (eg sialic acids) to avoid host antibodies directed at them. 

Molecular mimicry mechanisms are used to avoid immune recognition where bacteria 

can “disguise themselves as the host” by utilizing glycans to mimic common host cell 

structures for example the hyaluronan capsule of Group A Streptococcus, sialic acid 

capsule of Neisseria meningitidis and the lipooligosaccharide (LOS) of Haemophilus 

influenzae35 37 38. The capsule of H. influenza is diverse owing to different linkages 

and compositions of repeating mono-, oligo- and polysaccharide sugars units. Such 

structures are normally unique for a particular H. influenzae strain allowing for 

capsule “serotype” classification (eg. six different serotypes A-F of capsulated H. 

influenzae)39. 
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Another bacterial virulence factor, the lipopolysaccharide (LPS), is a compound 

found in the cell membranes of Gram negative bacteria34. In total the LPS is made up 

of 3 components: (i) lipid A structure (located in cell membrane) (ii) an extended core 

carbohydrate component composed of 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo) 

and heptose and (iii) another carbohydrate component: O-antigen polysaccharide side 

chain (varies between strains within species of bacteria)(Figure 3). Most Gram 

negative pathogens produce LPS with the exception of certain mucosal based 

pathogens like H. influenzae and Neisseria gonorrhoea which produce a variation of 

LPS called lipooligosaccharides (LOS)34 which unlike LPS, lacks “true O-antigens” 

(Figure 3)40.  

 

 

 

Figure 4: Comparison of bacterial lipopolysaccharide (LPS) and 

lipooligosaccharide (LOS) structures. The O-antigen of LPS is a long branching 

chain, which can consist of 2-40 repeat residues. The LOS lacks true O-antigen, 

which consists of short branching residues.  
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High heterogeneity (due to phase variation of a vast array of glycoforms in the 

oligosaccharide region)41 of LOS has made it difficult to correlate and characterize 

LOS with specific biological functions38 40 42 43 44 45. 

 

Bacteria employ a variety of mechanisms which utilize glycans for host colonization 

and infection31 34. Examples of these are: pili and fimbrae (hair like projections on 

bacterial cell surface commonly used in facilitating host cell interaction) which 

recognize and bind to sialic acid46, utilizing proteoglycans of the host to bind to host 

cells47, utilization of adhesins (lectins that bind to host cell surface proteins)48 49, and 

the formation of biofilms for attachment and colonization to host mucosal cell surface 

where sialic acids play a vital role in its formation and long term viability50. 

 

1.1.3 – Role of glycans in viral host interaction 

Like bacteria, viruses also utilize glycans as receptors to bind to host cell surface 

before entering and replicating32 51. An example of interest would the influenza A 

virus, a common pathogen inhabiting the upper respiratory tract of its host. There are 

many influenzae A virus subtypes classified according to the type of surface 

glycoproteins (eg. hemagglutinin [H] and neuraminidase [N]) that they possess: 

H1NI, H5N1 etc52. The infectivity of different strains of influenza viruses towards 

particular hosts are influenced by the interaction between its cell surface 

hemmaglutinin (viral lectin) and host sialic acid type. For example, human influenza 

A virus strains colonize human respiratory tracts by binding to sialic acids in α2-6 

linkages while avian influenza strains bind to α2-3 linkages present in avian hosts53 54 

55 56. Pigs can be infected by both avian and human influenza strains as both α2-3 to 
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α2-6 linked sialic acids are present in its trachea57 and can serve as mixing vessel 

between existing strains to generate new strains58. Another protein present on 

influenza A viral surface is called neuraminidase which plays a vital role in the virus 

life cycle. Neuraminidase cleaves the sialic acid receptor off the host cell and is 

essential for release viral particles which can infect other cells in the host 59. Other 

notable examples of viral infections utilizing glycans include the herpes simplex virus 

which interacts with heparin sulphate proteoglycans of the host for entry60 61 and the 

human immunodeficiency virus (HIV)62. 

 

1.2  - Sialic acids 

 

1.2.1 - Sialic acids: The 9-carbon sugar family 

Sialic acids are a family of nine carbon acidic sugars. They are a class of 

monosaccharides commonly found on animal glycans as a terminal sugar as part of 

glycoconjugates. From the Greek word sialon for saliva, sialic acids were first 

isolated from brain glycolipids and salivary mucins more than 70 years ago63. To date, 

more than 40 derivatives have been discovered10 11. N-acetylneuraminic acid 

(Neu5Ac) and 2-keto-3-deoxynononic acid (Kdn) are the two most abundant sialic 

acids11. However on mammalian cell surface, N-glycolylneuraminic acid (Neu5Gc) is 

the second most abundant sialic acid after Neu5Ac64. Neu5Gc is formed from 

precursor Neu5Ac when a hydroxyl group is added to the amino group of Neu5Ac at 

position C5 catalysed by the CMP-Neu5Ac hydroxylase (CMAH) enzyme3  (Figure 

5). 
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Figure 5: Chemical structures of sialic acids N-acetylneuraminic acid (Neu5Ac) 

and N-glycolylneuraminic acid (Neu5Gc). Neu5Ac is converted to Neu5Gc by 

CMAH through the addition of a hydroxyl group at position C5. This reaction is non-

reversible. Modified and reproduced from Schauer et al. (2009)3. 

 

Compared to other monosaccharides, sialic acids have great diversity in their linkages 

and structure10. This diversity results mainly from the formation of different α 

linkages on sialic acids from interactions with various other different sugars units and 

its carbon backbone undergoing natural modifications10 11 17 (Figure 6). From such 

chemical diversity, hundreds of different sialic acids can be generated. This in turn, 

generates a huge spectrum in glycan variety on cell surfaces and produces individual 

“identities” for different cell types (Figure 6). 

 

Despite this enormous diversity, the common theme is that sialic acids are always 

added at the terminal position of a glycoconjugate. Thus, they are commonly found on 

the terminating branches of N-glycans11 65, O-glycans11 and glycoshingolipids66. 
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Sialic acids are recognized by a group of glycan binding proteins called lectins first 

discovered in viruses, which bind specifically to certain sialic acid linkages5 13 67.  

 

 

 

Figure 6: Glycan level complexity. Diverse glycan structures are produced from 

modifications made to the sialic acid core, modifications to the core, the type of 

linkage of the modified core to the underlying sugar type, further modification to the 

underlying sugar producing glycan class and lastly, the arrangement of these glycan 

classes. Reproduced from Cohen, M. and Varki, A. (2010)17. 
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1.2.2 – Function of sialic acids 

Sialic acids are highly expressed in cellular secretions and outer cell membranes as 

the terminal sugar of glycans5 11. Their four main roles are: (i) acting as a signal 

through the use of lectins (eg. Factor H68 and Siglecs69 70) to enable cells being 

recognized as “self”3, (ii) act as biological recognition sites for a host of molecules 

(eg. hormones, lectins, antibodies) where they act as ligands5 13, (iii) serving as 

recognition sites for binding of various pathogens and toxins13 71, and (iv) sialic acids 

are used for “molecular mimicry” by pathogens to evade host72. Other notable 

functions include: stabilizing glycoconjugates and cell membranes, influencing 

membrane transport and regulating receptor function72. Sialic acids also have 

numerous other roles in physiological roles associated with human health and 

disease73 including a possible role in embryonic development74, which will not be 

elaborated in this thesis. 

 

1.2.3 – Origin and evolution of sialic acids 

	  
Sialic acids were hypothesized to have originated during the Precambrian period 

(~4500 million years ago). Sialic acid expression was proposed to be low in certain 

lineages before increased expression was detected during the later Cambrian period 

(~530 million years ago)75 76. This mainly occurred in the animal deuterostome 

lineage such as vertebrates and some “higher” invertebrates (eg. echinoderms)77. 

Expression and complexity of sialic acids vary in the deuterostome lineage and is 

highly conserved11 77. Synthesis of sialic acids have been proposed to be limited to 

metazoans (Animalia) of the deuterostome lineage which thus, explains why 

organisms such as plants, fungi and members of the protostomes (eg. insects, 

shellfish) show no detectable sialic acid77. Evolution of sialic acid biosynthesis is 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   14	  

estimated to have occurred around 500 million years ago during the divergence of the 

Coelomata between the protostomes and the deterostomes. It has been proposed that 

certain pathogenic bacterial species that can synthesize sialic acids (eg. the 

Clostridium genus) had acquired eukaryotic biosynthetic genes through lateral gene 

transfer78 or had divergently evolved in parallel to the deuterostome sialic acid 

evolution pathway79.  

 

Sialic acids are not detected in plants and in the Archaea kingdom11. Through 

extensive phylogenetical studies, it has been proposed that sialic acids may have 

originated from the same set of homologous gene products that is responsible for the 

synthesis of the 8-carbon sugar keto-deoxyoctulosonic acid (Kdo)11.  Some strains of 

bacterial pathogens express high amounts of sialic acid and Kdo in their capsules and 

thus, sialic acids and Kdo are thought to play a crucial role in bacterial 

pathogenicity11. 

 

  
The distribution of sialic acids in eukaryotes is more complex and random, and has 

remained unresolved. Where vertebrate cells are concerned, the two most common 

SAs found on the mammalian cell surface are N-acetylneuraminic acid (Neu5Ac) and 

N-glycolylneuraminic acid (Neu5Gc). Neu5Gc is reported to be present in most 

vertebrates including the great apes80, but is absent in humans due to a mutation in the 

enzyme cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH)81 

which functions to convert Neu5Ac to Neu5Gc82. This molecular basis of this 

mutation and the proposed evolutionary reason for the mutation will be described in 

greater detail in Section 1.2.5 of this thesis. 
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Besides humans, absence of Neu5Gc has also been observed in chickens83, reptiles, 

the platypus and various species of birds84 (with exception to ducks85). Interestingly, 

the presence of Neu5Gc can be used to categorise animal breeds (eg dogs)86 87 and 

categorize blood antigen groups (eg cats)88 89. 

 

1.2.4. – Overview of sialic acid metabolism  

 

1.2.4.1 – Eukaryotic sialic acid metabolism 

All animal based sialic acids are synthesized using Neu5Ac or Kdn as the starting 

precursors. Firstly, enzyme GNE functions to convert UDP-GlcNAc to ManNAc-6-P 

and UDP in a two-step reaction (Figure 7). The ManNAc-6-P and Man-6-P undergo 

condensation through the phosphoenolpyruvate (NANS) enzyme to yield 

corresponding Neu5Ac-9P and Kdn-9P respectively. These 9-P compounds then 

undergo dephosphorylation by phosphatase (NANP) enzyme to produce free sialic 

acids prior to entering the cell nucleus (Figure 7).  

 

Upon entering the cell nucleus, free sialic acids (Sia) are converted to an active sugar 

form (CMP-Sia) by the CMP-Sia synthetase (CMAS) enzyme (Figure 7) using CTP 

as a donor. This Sia activation step is a necessary for Sia to be transferred on to the 

cell surface as a glycan terminating Sia. It is currently unresolved as to why this sugar 

activation step takes place in the cell nucleus. Activated sialic acids are released from 

the nucleus into the cytoplasm and subsequently transported in to the Golgi by a 

CMP-transporter. CMP-Sia released in to the cytoplasm prior to entering the Golgi 

acts as a feedback inhibition mechanism by decreasing the enzyme rate of the UDP-
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GlcNAc 2’ epimerase (GNE, Figure 7) which regulates the synthesis of Sia precursor 

ManNac. 

 

 

 

Figure 7: Summary of the genes and metabolic pathways involved in 

biosynthesis, activation, transfer, and recycling of the three common animal 

sialic acids: Neu5Ac, Neu5Gc and Kdn in vertebrates. Neu5Ac and Kdn are the 

starting precursors for the generation of all sialic acids in both eukaryotes and 

prokaryotes. Reproduced from Varki, A. et al. (2009)16. 

 

In the Golgi CMP-Sia is then transferred on to new glycoconjugates by the 

sialyltransferases (STase, Figure 7), which are highly specific for the Sia linkage type, 

the structure of the glycan accepting the Sia, the type of terminal monosaccharide, the 

target glycolipid and glycoprotein. In eukaryoyes, sialyltransferase enzymes are type 

II membrane proteins and several of these sialyltransferase enzymes that have been 

well characterized19. Sialic acid modification occurs in the Golgi mostly either on the 
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CMP-Sia compound or after the addition of Sia on glycoconjugates to produce either 

N-acetyl-, N-glycolyl- or N-O-diacetylneuraminic acids90. After serving their 

function, sialic acids on glycoconjugates are removed and recycled through cleavage 

by plasma membrane and cytoplasmic sialidases in the lysosome. If the cell surface 

needs sialylation, cleaved sialic acids can be reused immediately by transportation to 

the Golgi for re-sialylation. Sialic acids stripped of their glycoconjugate in the 

lysosome are transported back in to the cytoplasm by the Sialin exporter91. There is 

currently no evidence of a plasma membrane sialic acid transporter in eukaryotic 

cells. Sialic acids that are not reused are degraded to N-acetyl-mannosamine and 

pyruvate by cytoplasmic sialic acid specific pyruvate lyases (NPL, Figure 7). 

 

1.2.4.2 – Prokaryotic (microbial) sialic acid metabolism 

The sialic acid metabolic pathway of prokaryotes is similar to eukaryotes as 

mentioned in the previous section 1.2.4.1 but with a few key differences. Firstly, 

ManAc is converted to non-phosphorylated Neu5Ac with phosphoenolpyruvate and 

thus, no dephosphorylation by phosphatase NANP enzyme is required.  As 

prokaryotic cells lack organelles, the activation of Sia to CMP-Sia by CMP-

synthetase occurs directly in the cytoplasm and added as a terminal sugar on 

glycoconjugate prior to being transported by the sialyltransferase to the cell surface. 

The CMP-synthetase enzyme is fairly conserved in most bacteria, and in NTHi we 

found that this enzyme to be a potential mechanism of host adaptation by NTHi to 

human host (described in Chapter 3). This CMP-synthetase enzyme is the subject of a 

potential drug target with studies done on N. meningitidis described in Chapter 4.  
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In eukaryotes, the sialyltransferases are fairly conserved in their sequence motifs but 

such motifs are absent and highly dissimilar in prokaryotes. Prokaryotic 

sialyltransferases are also less specific in their substrate specificity.  

 

1.2.5 – Molecular and evolutionary basis for Neu5Gc absence in humans 

The first implication that humans lacked Neu5Gc was brought to light in the mid 

1900’s when attempts to detect the sugar in human tissues proved difficult and 

unsuccessful, in contrast with various other vertebrates63 92. This unique observation 

that humans may not synthesize and express Neu5Gc was further supported by cases 

of “serum sickness” suffered by patients treated with horse serum infusions. Also 

known as the Hanganutziu-Deicher (HD) antibodies, these antibodies are made by the 

human immune system directed against Neu5Gc present in the horse serum (Figure 9) 

93 94 95.  Neu5Gc is a xeno-autoantigen as we do not synthesize Neu5Gc (xeno) and 

any Neu5Gc that is incorporated on the cell surface would automatically induce an 

immune response (autoantigen)(Figure 9). This induced immune response 

subsequently causes chronic inflammation like vascular inflammation leading to heart 

disease96 and inducing tumour progression leading to cancer (Figure 9)97.  

 

These anti-Neu5Gc antibodies have been detected circulating in the human 

bloodstream98 and are now being pioneered as a biomarker to detect cancer as part of 

future cancer immunotherapies (Figure 9)99. The origin for the generation of such 

anti-Neu5Gc antibodies by the human immune system remains unresolved but has 

been proposed to have occurred during human infancy100. Dietary acquired Neu5Gc 

from ingested baby food is taken up by non-typeable H. influenzae (NTHi) colonizing 

the upper respiratory tract and presented on its LOS on cell surface inducing an 
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immunogenic response against presented Neu5Gc100. This proposal was investigated 

and is described in Chapter 3 of this thesis. 

 

After Neu5Gc, the second most abundant sialic acid found on mammalian cell surface 

is Neu5Ac. The two chemical compounds differ by just a hydroxyl group. Neu5Ac is 

the precursor to Neu5Gc and converted by an irreversible reaction catalyzed by the 

CMP-Neu5Ac hydroxylase (CMAH) enzyme through the addition of a hydroxyl 

group82 101 102. Detailed molecular analysis have showed that in humans, 92 bp of the 

CMAH gene had been deleted resulting in frame shift mutation that had rendered the 

enzyme inactive103 (Figure 8).  

 

Molecular analysis has also shown the CMAH mutation to have coincided with the 

Alu gene mutation104 thus estimating the CMAH mutation to have occurred 

approximately 2-3 Mya ago during the human pan divergence just before when the 

human ancestor genus Homo erectus first emerged and left the African continent103 

105. 

 

Although mutation of CMAH has rendered humans the inability to synthesize 

endogenous Neu5Gc, Neu5Gc can still be found in the human body. Neu5Gc has 

been detected mainly in tissues associated with tumour cancer cells and fetal 

tissues106. Source of Neu5Gc has been proposed to be mainly dietary from Neu5Gc 

rich food sources of animal origin such as red meat and dairy products like milk and 

not from fish107.  Ingested Neu5Gc in such food sources are cleaved by sialidase and 

transported by micropinocytosis to the lysosomes, exported to the cytosol followed by 
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activation by synthetases and incorporated to glycoconjugates as a terminal sugar on 

the cell surface108. 

 

 

 

Figure 8: Molecular basis for the presence of Neu5Ac and absence of Neu5Gc in 

humans. Compared to vertebrates (chimp or mice) that have an intact CMAH gene, in 

humans, a 92 bp deletion has occurred in exon 6 resulting in a frame shift mutation 

which encodes for key functions of the enzyme. An inactive CMAH enzyme is 

produced which leads to no Neu5Gc being synthesized. Sialic acid Neu5Ac is 

predominantly being expressed on human cell surface. Reproduced from Varki, A. 

(2001)109. 

 

Neu5Gc is reported to be present in most and if not all vertebrates80. Besides humans, 

Neu5Gc has been found to be absent in chickens83 110 111, reptiles, the platypus and 

various species of birds also show no substantial levels of detectable Neu5Gc84. 

Interestingly, ducks contain Neu5Gc, which is an exception in the bird species85. The 

closest evolutionary relatives of humans, the Great Apes (eg. orang utans, gorillas, 
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chimpanzees, bonobos), contain Neu5Gc, which has been proposed as one of the 

contributing factors behind observed anatomical and pathological differences under 

the same disease conditions112 113. Differences in various biomedical conditions 

between humans and non-human primates attributed to sialic acid differences has 

been well reviewed by Varki et al. (2011)114. 

 

The reason for the CMAH mutation leading to subsequent loss of endogenous 

Neu5Gc synthesis in humans remains unresolved. A proposal put forth has implicated 

avoidance of pathogens as the main evolutionary reason for CMAH mutation and the 

loss of Neu5Gc115. Various pathogens (bacteria and viruses) that recognize and bind 

to Neu5Gc116 117 118 119 would have had to alter their sialic acid receptor recognition 

pattern. The loss of Neu5Gc was proposed to have enabled ancestral humans to 

escape from a deadly African malaria infection116. The modern malaria caused by 

Plasmodium falciparum is believed to be a descendant of the ancient strain of malaria, 

evolved to infect humans rich in Neu5Ac120 121 122.  

 

Besides altering sialic acid recognition of pathogens, alterations would also have to be 

made within humans. A class of immunoglobulin-like sialic acid-binding lectins 

called Siglecs, are transmembrane receptors expressed in mammals which function to 

mediate intrinsic cell recognition and signalling123, potential inflammatory 

responses124 with the immune system69 125 126. Siglecs would have needed to undergo 

evolutionary changes to cope with the loss of Neu5Gc. The CD33rSiglecs family has 

been of particular interest for the study for evolutionary changes in pathogen receptor 

binding as this class of Siglecs had undergone massive evolutionary changes since the 
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loss of Neu5Gc in humans112 127 128 129. Evolutionary changes in other Siglec classes 

caused by Neu5Gc absence have been well summarized by Varki, A (2009)125. 

 

 

 

Figure 9: The mechanisms involved in enhanced chronic inflammation and 

immune reactions in humans due to loss of CMAH gene. Dietary Neu5Gc from 

food sources like meat and dairy products are incorporated in to humans. Neu5Gc has 

been proposed to induce chronic inflammation leading to tumour progression and 

heart disease. Inflammatory responses observed in patients undergoing biotherapeutic 

treatment containing substances of animal origin with Neu5Gc, has been attributed to 

the production of anti-Neu5Gc antibodies against Neu5Gc. Reproduced from Varki, 

A. (2010)112. 
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1.2.6 -  Role of sialic acid in pathogenicity of host adapted pathogens 

In their concerted efforts to survive, pathogens have, through evolution, become niche 

and host adapted. Sialic acids are utilized by pathogens such as bacteria and viruses as 

receptors to efficiently engage, enter and infect host cells. Most importantly, sialic 

acids serve a crucial role for continuous survival of the pathogen within the host, by 

utilizing and incorporating sialic acids to evade or resist the host immune system. In 

the context of this thesis, the following section focuses on several host adapted 

pathogens that are particularly adept at utilizing sialic acids as part of their virulence 

factor for infection and colonization of the host. The described pathogens would also 

be the subject of studies forming Chapters 2, 3 and 4 of this thesis. 

 

1.2.6.1 Sialic acid utilization by Haemophilus  

An introduction to genus Haemophilus and its virulence factors utilizing sialic acids 

will be presented in the following sections. Emphasis is on the sialic transport and 

catabolic pathway crucial to sialic acid utilization by non-typeable H. influenzae 

(NTHi) as studied in Chapter 2 of this thesis.  

1.2.6.1.1 – The genus Haemophilus  

The genus Haemophilus are pleomorphic, motile Gram-negative coccobacilli 

belonging to the Gamma class of proteobacteria130 131. They are part of the large and 

diverse Pasteurellaceae family of bacteria comprising 38 species and 24 misclassified 

species in 92 taxa132. In the Pasteurellaceae family, Haemophilus together with 

Actinobacillus and Pasteurella form the host-adapted-pathogen (HAP) group of 

bacteria that are highly specialized in infecting and colonizing a specific host type. 
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They are very diverse in their host infectivity but are restricted to an ecological niche 

on the host mucosal surface and are therefore, incapable of surviving out of the host 

environment. 

 

Table 1: The broad host range of various Haemophilus species but limited host 

ecological niche.  Reproduced from Gyles et al. (2010)133.  

 

	  

	  

 

In humans, the Haemophilus influenzae species is a major pathogen. First isolated by 

Richard Johannes Pfeiffer in the year 1982 from the sputum of patients, which at the 

time was believed to be the cause of viral influenza and incorrectly blamed for 

influenza outbreak, Haemophilus means “blood loving”. They require factor X (eg. 

Protoporphyrin IX or Hemin) and factor V (eg. Nicotinamide adenine dinucleotide, 

NAD) in order to grow under aerobic conditions134. 
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In the 1930s, Margaret Pittman defined 2 major categories of H. influenzae: the un-

encapsulated (non-typeable) strains and the encapsulated (typeable) strain39 130. Un-

encapsulated strains are termed non-typeable as it is not possible to characterized 

them using capsule typing antisera. There are a total of six antigenically135 distinct 

capsular types (serotypes) designated A through F. Together with H. influenzae 

serotype B (Hib) non-typeable Haemophilus influenza (NTHi) causes a range of 

human diseases. Hib causes invasive diseases like meningitis and septicimea in adults 

while NTHi infects both the young and the elderly. NTHi mainly cause mucosal-

based infections in children (otitis media) and invasive diseases in the elderly (chronic 

pulmonary disorder (COPD), bronchitis, septic arthritis and pneumonia)136. To cause 

such infections, Haemophilus has a range of virulence factors such as the capsule33, 

outer membrane proteins (OMP), pili (fimbrae), IgA1 proteases and 

lipopolysaccharides (LPS)137. 

 

1.2.6.1.2 – NTHi virulence factors utilizing sialic acids 

Unlike the typeable strains, NTHi lacks a capsule. It thus utilizes sialic acids in 

virulence factors such as the LOS and biofilm to enable it to avoid detection and 

confer resistance from the host complement system. 

 

LOS is the major glycolipid of the outer leaf of the outer membrane, and are produced 

by Gram negative bacteria that colonize the mucosal cell surfaces. Examples of 

bacteria expressing LOS are: non-typeable Haemophilus influenza (NTHi)138 139, 

Neisseria140 141 and Moraxella142 143. NTHi commonly sialylate their LOS with sialic 

acids to mimic human host glycans structures144 and confer protection against 
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complement mediated killing145. The sialylation of LPS with sialic acids has been 

associated as a virulence factor in otitis media infection146. 

 

The bacterial biofilm can be defined as “communities of microorganisms encased in a 

polymer matrix attached to a surface”147. The biofilm functions to provide a stable 

and protective environment for continued growth and survival of the bacterium as 

well as providing resistance to antimicrobial agents36. This is apparent in otitis media 

(middle ear infection) caused by NTHi that affects children aged 18 months to 4 years 

old worldwide148. The disruption of formation and growth of biofilm is now a vaccine 

target in the prevention of otitis media149. Sialic acids are used to promote biofilm 

formation37 150 and maintain long term viability of the biofilm in a chinchilla animal 

model to study otitis media50.  

 

As reviewed by Vimr and Lichtensteiger151, there are four ways pathogens can obtain 

sialic acids needed for sialylation of its LOS or the biofilm. They are: de novo 

biosynthesis, donor scavenging, trans-sialylation or precursor scavenging151. NTHi is 

unable to synthesize sialic acid and obtains sialic acid exogenously from the host 

environment through donor scavenging. Sialic acids obtained exogenously are 

metabolised as a carbon source and is also used to sialylate its cell surface via 

covalent linkage of sialic acid152. Sialic acid is acquired through the use of a highly 

conserved sialic acid transport-LOS biosynthesis-catabolic pathway153. This pathway 

will be explained in greater detail in the subsequent section (1.2.6.1.3) and is the 

subject of studies done as part of Chapter 3 of this thesis.  
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1.2.6.1.3 – NTHi sialic acid transport-LOS biosynthesis-catabolic pathway    

The sialic acid transport - LOS biosynthesis - catabolic pathway (Figure 10) is 

responsible for sialic acid utilization within NTHi153 154. The pathway is controlled 

and expressed by two divergently transcribed operons located adjacent to one another: 

the siaPT operon with genes coding for the expression of proteins involved in the 

transport pathway and the nan operon responsible for expression of genes coding for 

proteins of the catabolic pathway (Figure 11)72 152.  

 

According to the sialic acid requirements of NTHi, these two pathways are regulated 

tightly through feedback inhibition by siaR and the levels of CRP to maintain an 

appropriate sialic acid level within NTHi155. While NTHi needs sialic acids to 

sialylate its LOS and biofilm, excessive built up of sialic acid is harmful to the 

bacterium. Excess sialic acid is broken down through the catabolic pathway and 

funnelled in to glycolysis. 

 

Exogenous sialic acids in the environment are transported into the bacterial cell using 

a tripartite adenosine triphosphate–independent periplasmic (TRAP) transporter 

encoded by the siaPT gene of the siaPT operon156 157 driven through by the 

electrochemical ion gradient158. The transporter consists of 3 components: 

extracellular solute receptor (ESR), a transmembrane transport protein (SiaT) and an 

extracytoplasmic solute receptor (SiaP)156 157 159.  
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Figure 10: Sialic acid utilization pathways of NTHi for sialic acid Neu5Ac and 

possibly Neu5Gc. Three pathways are involved in regulation and utilization of sialic 

acids: the transport pathway which transports exogenous sialic acids in to NTHi, the 

catabolic pathway which metabolizes excess sialic acid and funnels in to glycolysis 

and the LOS biosynthesis pathway responsible for sialylation of NTHi LOS or the 

biofilm. The pathway for Neu5Ac catabolism has been well studied but Neu5Gc 

catabolic proteins have not been characterized. (OM = outer membrane, PM = 

periplasmic space, IM = inner membrane).  

 

After transportation of sialic acid into NTHi, depending on the circumstances, sialic 

acid can either enter the LOS biosynthesis pathway to sialylate the LOS or biofilm, or 

enter the catabolic pathway for glycolysis to be broken down to fructose-6-phosphate 

and funnelled in to the glycolysis. The two pathways compete for the same sialic acid 
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substrate152.  Through SiaR, the bacterium maintains an appropriate sialic acid 

balance to always maintain adequately sialylated LOS/biofilm to protect against the 

immune system or to break down excess sialic acid after sufficient sialylation is 

achieved153.  

	  

	  

	  

Figure 11: The divergently transcribed nan and sia operons. The nan opeon codes 

for genes expressing proteins for the catabolic pathway while the sia operon codes for 

the expression of genes involved in the transport pathway. SiaR is located in the 

intergenic region between nanA and nanK and regulates both pathways through 

feedback inhibition with CRP. Reproduced from Apicella, M.A. (2012)160. 

 

SiaR works together with another regulatory protein, the cAMP receptor protein 

(CRP) which binds to cAMP to form CRP-cAMP complex161, that regulates the siaPT 

operon. Together, SiaR and CRP regulate the divergent expression of the transport 

and catabolic pathway155.  When activated CRP and sialic acids are absent, SiaR 

represses both the activity of nan operons and siaPT operons respectively155. 

However, when cAMP levels increase (due to intracellular activated sialic acids), 

CRP is activated161. CRP binds to cAMP creating the CRP-cAMP complex which 

induces siaPT operon expression for transport of exogenous sialic acid in to NTHi155.  
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Derepression of siaPT operon stimulates de-repression of the nan operon which 

decreases catabolism. GlnN-6P, one of the metabolites in the catabolic pathway, 

functions as a co-activator of SiaR which regulates both the  nan and siaPT operons 

for sialic acid in NTHi155.  

 

If sialylation of the cell surface is required, sialic acid (Sia) is activated as a charged 

nucleotide (CMP-Sia) whose synthesis is catalyzed by CMP-Neu5Ac synthetase 

encoded by siaB 162 163. This activation step is crucial for sialic acids to be added as a 

terminal sugar on NTHi LOS146. This is followed by the activated sugar being 

transferred as a terminal sugar on to the cell surface as part of sialic acid 

glycoconjugates by one of the four sialic acid siayltransferases: lic3A164, lsgB165, 

siaA165 and lsgB166. 

 

For the catabolic pathway, CMP-Neu5Ac is broken down through a series of 

intermediate steps to the final product fructose-6-phosphate to enter the glycolysis 

pathway (Figure 10)152 153. This pathway reaction is catalyzed by genes coded by two 

different sets of operons. From equivalent genes studied in E.coli, the genes for NanT, 

NanE, NanA and NanK are encoded by one operon while genes for NagA and NagB 

are coded by another operon located separately on the chromosome72 167 168. 

 

1.2.6.2 - Sialic acid utilization in Neisseria 

The background on the genus Neisseria will be introduced in the following section 

with an emphasis on major human pathogen N. meningitidis. Virulence factors like 

the LOS and the capsule used by N. meningitis that utilize sialic acids are presented.  
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1.2.6.2.1 – Introduction: The genus Neisseria 

The genus Neisseria is a major branch of the Beta proteobacteria consisting of Gram 

negative diplococci that inhabit the mucosal surface of mammals as a commensal 

organism169 170. In humans, N. meningitidis171 (meningococcus)171 is a major pathogen 

causing meningococcal disease (meningitis, septicaemia) with approximately 500 000 

cases reported annually worldwide172 173. The mortality rate in developing countries 

can be as high as 10-20% of all cases173. Inhabiting the nasopharyngeal area as a 

commensal organism in 30% of the human population, a few individuals from reasons 

currently unresolved, go on to develop invasive diseases174. What is certain however  

is that N. meningitidis utilizes cell surface structures pili, Opa and Opc as adhesins to 

facilitate attachment to human host cells175 176. Other equally important and well 

studied virulence factors include the LOS177 178and the capsule179 180. Currently, 

twelve serogroups of N. meningitidis have been identified, with six serogroups A, B, 

C, W135, X and Y frequently causing epidemics classified based on the reactivity of 

the polysaccharide capsule181 182 183. The capsule virulence factor will be discussed in 

greater detail in the following section and is the subject of studies in Chapter 4 of this 

thesis. 

 

Another Neisseria species that is a major human pathogen is Neisseria gonorrhoeae  

(gonococcus), which causes the sexually transmitted disease gonorrhoea. Similarities 

shared with N. meningitidis include a high gene homology of 80-100%184 and sets of 

genes which are highly conserved185 186. However, N. gonorrhoeae differs from N. 

meningitidis in its host ecological niche around the mucosal surface of human sexual 

organs, the range of distinct diseases it causes, and it is always pathogenic, unlike N. 

meningitidis which can exist asymptomatically or cause disease 187 188.  
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1.2.6.2.2 – N. meningitidis virulence factors utilizing sialic acids 

Both LOS and capsule of N. meningitidis (serogroup B, C, Y and W-135) utilize sialic 

acid and are key to the resistance of N. meningitidis to killing by complement and 

opsonophagocytosis177 189.  Of the four mechanisms pathogens use to obtain sialic 

acids151, N. meningitidis can synthesize its own sialic acids for incorporation onto its 

LOS and into the capsule. This is in stark contrast to H. influenzae, which has to 

scavenge for exogenous sialic acid present in the host environment.  

 

The LOS (also called LPS by some researchers) of Neisseria can be categorised into 

12 immunotypes based on the LOS structure190. Sialic acids are commonly 

incorporated as a terminal sugar to mimic host glycans38 40 191. Mimicry is 

accomplished through the addition of sialic acid Neu5Ac and subsequent modification 

to express the ‘human-like’ terminal sugar structure lacto-N-neotetraose (Galβ1-

4GlcNAcβ1-3Galβ1-4Glc), which is similar to the cell surface sugar structure 

commonly found on human glycospingolipid paragloboside192 193. Paragloboside is a 

precursor to human blood group antigen ABH found on human erythrocytes194. The 

lacto-N-neotetraose structure undergoes heterogeneity through phase variation by 

slipped-strand mispairing mechanism for antigenic variation195 and is only found in 

certain meningococcal strains with several immunotypes38. 

 

The capsule of Neisseria serves to protect against complement mediated killing189 196 

197.  As mentioned previously, there have been 13 serogroups of capsule classified181. 

Almost all Neisseria serogroups (with exception to serogroup A) have capsules 

incorporated with Neu5Ac. Vaccines to prevent infection onset are currently available 

for serogroups A, C, Y and W-135 but none is currently available for serogroup B. 
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The polysaccharide capsule of serogroup B has been well characterized to be α(28) 

linked polysialic acid polysaccharide structure75 198 199, the major virulence factor 

imparting Neisseria serogroup B with antibacterial properties, resistance to 

phagocytosis196, protective properties33 and survival within human cells200. A trade off 

for having a capsule, is that it decreases cell adhesion and entry of N. meningitidis 

serogroup B and other encapsulated strains into epithelial and endothelial cells201 202 

203 204. Naturally un-encapsulated strains and non-capsulated mutants produced from 

capsulated strains are more readily able to enter the epithelial cells202. One of the key 

features needed for escaping the immune system is the lack of immune response 

generated by the capsule due to similarity of its carbohydrate moiety commonly found 

expressed on human cell205. Neisseria capsule is also able to undergo phase variation 

through the slip-strand mispairing mechanism206. Molecular analysis of the assembly 

of the serogroup B capsular polysaccharide has been well studied (Figure 12) with the 

genes responsible for capsule assembly cloned and expressed in E. coli207 208 209, due 

to the similarity of the capsule structure to E. coli K1 strains210.  

 

Sialic acid biosynthesis for capsule incorporation involves four key enzymatic steps211 

with all enzymes expressed by genes located in region A of the capsule assembly 

complex; siaA, siaB, siaC and siaD207 208 (Figure 12).  Each of the genes encoding 

their respective proteins and functions have been characterized. siaA, the first step in 

sialic acid capsule biosynthesis, encodes the N-acylglucosamine-6-phosphate 2-

epimerase which functions to isomerization of precursor compounds N-acetyl-D-

glucosamine (GlcNAc) and N-acetyl-D-mannosamine (ManNAc)212. siaB encodes the 

CMP-Neu5Ac synthetase which functions to convert the sugar Neu5Ac to an 

activated form, CMP-Neu5Ac using CTP213 214.  The siaB equivalent found in 
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Neisseria designated as neuA in Neisseria, the synthetase enzyme will the focus of 

studies done in Chapter 4 of this thesis.  

 

 

 

Figure 12: Schematic diagram of capsule assembly of N. meningitidis serogroup 

B capsule. Sialic acid biosynthesis for capsule synthesis involves four key enzymatic 

steps211 with all enzymes expressed by genes located in region A of the capsule 

assembly complex; siaA, siaB, siaC and siaD. Reproduced from Petersen et al. 

(2000)212. 

 

SiaC encodes the Neu5Ac condensing enzyme which functions to produce 

monomeric Neu5Ac sugar molecules using substrates N-acetyl-mannosamine and  

phosphoenolpyruvate207 211. SiaD is serogroup specific and encodes the 

polysialyltransferase enzyme which polymerises CMP-Neu5Ac to form high 

molecular weight α(28) polysialic structure207 211. 

 

1.2.6.3 – Sialic acid utilization by influenza A viruses 

The following section will briefly introduce influenza A and the virulence factors of 

influenza A that utilize sialic acids. In the context on this thesis, how sialic acids play 

a role in influenza viral binding specificity for certain host species receptors and 

interspecies transmission will be presented. All following sections form the basis for 
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studies done as part of Chapter 4 of this thesis. 

 

1.2.6.3.1 – Introduction: Influenza A viruses  

Influenza A is a deadly human pathogen with the most recent 2009 pandemic caused 

by the H1N1 strain resulting in an estimated 151,700 to 575,400 deaths within the 

first 12 months of infection215 216. Young and old were infected with 80% infected 

below the age of 65 years of age216.  Influenza A, together with Influenza type B, type 

C, Thogotovirus and Isavirus are five genera of viruses belonging to the 

Orthomyxoviridae family of the genus Orthomyxovirus which are RNA viruses with a 

single-stranded segmented RNA genome. Host range of influenza type B is restricted 

to humans and seals217 and type C infects only humans and pigs218. Influenza type A 

infects a wide range of animals (many species of birds, ducks, chickens, pigs, horses 

and seals) including humans219. Influenza A viruses are subtyped based on antigenic 

differences of its two viral surface glycoproteins; hemagglutinin (HA) (H1-H16) and 

neuraminidase (NA) (N1-N9)220.  With the many combinatorial viral subtypes that 

can occur, coupled with the wide range of host infectivity, co-infection of a single 

host by more than one viral subtype of different host origin can occur (Figure 13). 

 

Different influenza A subtypes previously unable to infect humans, can now evolve to 

do so through the exchange genetic of material through reassortment (antigenic 

shift)221. Pigs58 222 and ducks223 224 are ‘viral reservoirs’ instrumental in the production 

of new pandemic viral influenza strains through gene reassortment via interspecies 

transmission225 (Figure 13).  
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Figure 13: The process of viral reassortment. Avian and swine specific viral strains 

can undergo reassortment in natural viral animal reservoirs like pigs leading to the 

generation of new pandemic influenza A strains that can infect humans. 

Haemagglutinin (HA) of avian viruses preferentially bind to α2-3-linked sialic acids 

moieties, human viruses preferentially bind α2-6-linked sialic acids moieties while 

both avian and human viruses can infect pigs. The epithelial cells of pigs contain 

press both α2-3- and α2-6-linked sialic-acid moieties. Reproduced from Stevens et al. 

(2006)227. 

 

New viral strains produced could evolve to infect humans, which have no immunity 

against these new viral subtypes. Pandemics in the years 1918, 1957 and 1968 have 

been attributed to viral strains of avian origin219 while the pandemic in year 2009 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   37	  

caused by influenza A subtype H1N1 was caused by an influenza strain of swine 

origin226.  

When a new viral strain emerges, it is subtyped based on its HA and NA 

glycoproteins using ferret sera and frequently tested in the ferret animal model for its 

infection and transmission rate. The ferret has been the dominant model system for 

study of human influenza A virus since its isolation in ferrets in 1933228. Ferrets have 

proved an invaluable tool in contributing to the understanding of influenza A 

transmission229 230. There are numerous other animal models that are also frequently 

used like mice, rats, primates and guinea pigs but due to several crucial clinical 

shortcomings229 230, the ferret has remained the ideal animal model for the past 80 

years231 232 233. The general key features that make ferrets the ideal influenza animal 

model are: its natural susceptibility to various unadapted human and animal isolates 

(eg. avian and swine), the exhibition of clinical symptoms similar to humans (fever, 

lethargy, sneezing, nasal congestion and discharge), being able to be infected by 

transmissibility through air and physical contact, the similarity of its respiratory 

physiological structure to humans and lastly, the primary area of infection in the 

upper respiratory tract which is similar to humans229 230 231 234. 

 

The susceptibility of ferrets for human IAV strains has been ascribed to its similar 

distribution of SAα2,6-linkage receptors in the respiratory tract235. The ferret 

continues to serve as the key animal model system for IAV, including for a series of 

recent, high profile transmission studies236 237. A complete understanding of ferret 

susceptibility to IAV is therefore essential for research on influenza A which will 

form the basis of studies done as part of Chapter 2 in this thesis. 
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1.2.6.3.2 – Structure of influenza A virus particle 

Like most viral particles, the shape of influenza A virus particles can range from 

spherical to filament-like238. Packaged systematically within the spherical virion is the 

8 segmented viral RNA genome encoding for ten crucial viral proteins (with 

overlapping reading frames) crucial for a virion to be infectious (Figure 13)239 240.  

 

 

 

Figure 14: Structure of influenza virus particle with 10 crucial gene products 

needed for it to be infectious. Reproduced from Nelson, M.I. and Holmes, E.C. 

(2007)241. 

 

The segmented RNA genome is responsible for the generation of new viral strains 

from currently circulating strains through reassortment of genetic material in virus 

reservoirs like pigs and ducks (Figure 16). The polymerase basic (PB) proteins; PB1, 
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PB2 and PB3 proteins play roles in RNA replication and transcription239. On the viral 

cell surface are two glycoproteins, hemagglutinin (HA)220 and neuraminidase (NA)242 

which function in virus cell adhesion-entry and release from host cell respectively. 

The M2 protein molecules facilitate viral infection by facilitating viral uncoating239 243 

244.  

 

1.2.6.3.3 – Influenza A utilization of sialic acids  

In the first stage of causing an infection, influenza viruses engage host cell surface 

glycoprotein structures linked to sialic acids as receptors to gain entry in to the cell. 

Attachment and release to sialic acid is done through the use of viral surface 

glycoproteins acting as sialic acid receptor binding proteins such as the hemaglutinnin 

(HA) and neuraminidase (NA)220. Different viral strains can be subtyped based on the 

currently identified 16 HA subtypes and 9 NA subtypes220.  

 

Hemagglutinin is a type I membrane protein with 16 subtypes of HA discovered so 

far245 220. Hemagglutinin functions to recognize and bind to sialic acid linked 

glycoconjugates of the host as receptors for adhesion, host membrane fusion and entry 

in to the cell246 (Figure 15). Through the use of X-ray crystallography, the binding site 

of HA to sialic acid has been characterized220 and its atomic structure defined247.   
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Figure 15: Life cycle of influenza A virus. Viral surface glycoproteins 

hemagglutinin functions to recognize and bind to sialic acid linked glycoconjugates as 

receptors for adhesion and entry in to the cell. Neuraminidase cleaves sialic acids off 

on the host cell and its own HA and NA viral glycoproteins to facilitate the release of 

new viral particles to the host environment to spread the infection. Reproduced from 

von Itzstein (2007)248. 

 

Influenza viruses only recognise and bind to host receptors containing sialic acids 

linked through α2-3- or α2-6- linkage to underlying sugar molecule galactose (Gal) 

or N–acetylgalactosamine (GalNAc) moieties like; Neu5Acα2-3/6Gal, Neu5Acα2-

3/6GalNAc, and Neu5Acα2-6GlcNAc249 (Figure 16). Thus, the type of receptor 

within a host specific to HA recognition by a particular viral strain dictates host 
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restriction of that strain250. This explains the distribution of avian, swine, equine and 

human specific viral strains249 251 252.  The contribution of sialic acid linkage type and 

the terminal sialic acid bound to the receptor influencing host distribution will be 

covered in greater detail in the following section. 

 

The other viral surface glycoprotein neuraminidase (NA) (9 NA subtypes have been 

identified so far) is a tetrameric shaped type II membrane protein253 which functions 

to cleave sialic acids off cellular glycoproteins present on the host cell and its own 

HA and NA viral glycoproteins (Figure 15). This facilitates the newly assembled viral 

particle not to adhere to the already infected cell and instead, is released to infect new 

cells to spread the infection59 242. HA and NA balance is required for successful viral 

infection as decreased NA receptor specificity activity has been shown in HA 

deficient mutants254 255 256. 

 

Most anti-influenza drugs known as ‘sialidase inhibitors’248 257 have been designed to 

target the active site of NA to prevent the release of newly assembled viral particles258 

259. Famous examples of sialidase inhibitors are Zanamivir (trade name Relenza)260 

and Oseltamivir carboxylate (trade name Tamiflu)261.  Viral mutations have been 

observed that confer resistance to Oseltamivir262 263 264 265   although Zanamivir has 

been shown to be possibly selected against by mutation as well266. New vaccines 

against influenza A need to be made every year267 to prevent disease from new strains 

of seasonal influenza A virus that are generated through reassortment (antigenic shift) 

and viruses undergoing resistance mutations (antigenic drift)268 269.  
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1.2.6.3.4 – Role of sialic acids in viral receptors as a selective pressure of host 

species infection. 

 

Influenza viral receptors are constantly evolving. Several factors can influence viral 

receptor binding and distribution in a particular host type: (i) the balance between 

specificities of HA and NA viral glycoproteins254 255 (ii) the specificity and 

recognition of viral HA glycoprotein towards host glycoconjugate (receptor) with 

corresponding sialic acid linkage (α2-3- or α2-6-) to underlying sugar molecule 

(Gal/GalNAc) (Figure 16), (iii) host anatomical distribution of such sialic acid linked 

glycoprotein structures within the host, and (iv) the terminal sialic acid 

(Neu5Ac/Neu5Gc) bound to the sialic acid linkage type249 270 271.  

 

The HA of humans influenza A virus strains bind to α2,6-linkage (Siaα2,6Gal) 

moieties while avian influenza strain HA’s bind to α2,3-linkage (Siaα2,3Gal)272 56 273 

274. The preference for influenza A virus strains to certain linkages has been shown to 

be location specific. Sialic acids stained by lectins in tissue sections reveal that in 

humans the Siaα2,6Gal receptors located around epithelial cells in the human upper 

respiratory tract, whereas in duck intestine (where viruses replicate) there are 

Siaα2,6Gal receptors 275 57. It has been proposed that some species poultry birds can 

serve as an intermediate for the transmission of avian influenza strains to humans276. 

This is explained by the fact that birds like chickens and turkeys contain both 

Siaα2,6Gal and Siaα2,3Gal while aquatic birds like ducks and geese contain only 

Siaα2,3Gal 277 224 278 279. A recent study showing an avian strain from ducks having 

adapted in quail serves to further strengthen this proposal280. Interestingly enough, 

both land and aquatic bird species have different viral receptor specificity for strain 
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H9N2281. Pigs contain both avian α2,3-Gal and human α2,6-Gal receptors and have 

long been proposed to serve as mixing reservoirs resulting in assortment and mixing 

of current existing strains to produce new strain variations58 222 (Figure 13). 

 

 

 

Figure 16: The glycan structure recognized by human and avian influenza A 

strains. (a) Avian viruses preferentially bind to α2-3-linked sialic acids moieties (b) 

human viral strains instead preferentially bind to α2-6-linked sialic acids moieties. 

Reproduced from Stevens et al. (2006)227. 
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In addition to the linkage type, that is SAα2,3Gal or SAα2,6Gal, many studies have 

suggested that the type of sialic acid also influences IAV host range251.. This is 

supported by erythrocyte agglutination assays using RBCs expressing distinct Sia 

types90 282 283, IAV binding assays with Neu5Ac or NeuGc receptors284 285 286, 

determination of sialic acid cleavage rates with Neu5Ac or NeuGc receptors 287, 

amino acid modifications of HA288, and NA289.   

 

1.3 – Scope of this thesis 

In humans, there are hundreds of thousands of different glycans formed from 

covalently linked monosaccharides or oligosaccharides. The type of biomolecule it is 

coupled with to form different glycoconjugates, further contributes to the complexity 

and heterogeneity of glycans. The scope of thesis will be on the function of glycans in 

exogenous interactions, serving as a receptor particularly for pathogens such as 

bacteria (Haemophilus and Neisseria) and viruses (influenza subtype A). Emphasis 

will be on sialic acid based glycoconjugates, which have been exploited as a host 

adapted mechanism to ensure pathogen adhesion to host cells and survival within the 

host. The molecular basis of such mechanisms is investigated in this thesis.  

 

Chapter 1: A literature review of glycans in general. This chapter covers the basics 

of glycan formation and complexity, general functions, the origin and the virulence 

factors of bacteria and viruses, which utilize glycans for successful infection in the 

human host.  

 

Chapter 2: Investigation in to the molecular basis of ferrets being highly susceptible 

to human influenza A viral strains with emphasis on sialic acid viral receptors. 
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Chapter 3: To investigate the molecular basis of NTHi preference for Neu5Ac, and 

its implication for the dietary Neu5Gc, and the Neu5Gc-LOS generation of anti-

Neu5Gc antibody hypothesis. 

 

Chapter 4: The design, synthesis and evaluation of a drug using enzyme-linked 

immusorbent assay (ELISA) targeting CMP-Neu5Ac synthetase (neuA) in decreasing 

cell surface sialylation of N. meningitidis. 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   46	  

1.4 – Chapter 1 References 

 

1 McNaught, A. D. International Union of Pure and Applied Chemistry and 

International Union of Biochemistry and Molecular Biology. Joint 

Commission on Biochemical Nomenclature. Nomenclature of carbohydrates. 

Carbohydrate research 297, 1-92 (1997). 

2 Raman, R., Raguram, S., Venkataraman, G., Paulson, J. C. & Sasisekharan, R. 

Glycomics: an integrated systems approach to structure-function relationships 

of glycans. Nature methods 2, 817-824, (2005). 

3 Schauer, R. Sialic acids as regulators of molecular and cellular interactions. 

Current opinion in structural biology 19, 507-514, (2009). 

4 Sharon, N. Carbohydrate-lectin interactions in infectious disease. Advances in 

experimental medicine and biology 408, 1-8 (1996). 

5 Varki, A. Glycan-based interactions involving vertebrate sialic-acid-

recognizing proteins. Nature 446, 1023-1029, (2007). 

6 Kobata, A. Structures and functions of the sugar chains of glycoproteins. 

European journal of biochemistry / FEBS 209, 483-501 (1992). 

7 Lis, H. & Sharon, N. Protein glycosylation. Structural and functional aspects. 

European journal of biochemistry / FEBS 218, 1-27 (1993). 

8 Hart, G. W. Glycosylation. Current opinion in cell biology 4, 1017-1023 

(1992). 

9 Roseman, S. Reflections on glycobiology. The Journal of biological chemistry 

276, 41527-41542, (2001). 

10 Varki, A. Diversity in the sialic acids. Glycobiology 2, 25-40 (1992). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   47	  

11 Angata, T. & Varki, A. Chemical diversity in the sialic acids and related 

alpha-keto acids: an evolutionary perspective. Chemical reviews 102, 439-469 

(2002). 

12 Varki, A. Nothing in glycobiology makes sense, except in the light of 

evolution. Cell 126, 841-845, (2006). 

13 Lehmann, F., Tiralongo, E. & Tiralongo, J. Sialic acid-specific lectins: 

occurrence, specificity and function. Cellular and molecular life sciences : 

CMLS 63, 1331-1354, (2006). 

14 Drickamer, K. & Taylor, M. E. Evolving views of protein glycosylation. 

Trends in biochemical sciences 23, 321-324 (1998). 

15 Spiro, R. G. Protein glycosylation: nature, distribution, enzymatic formation, 

and disease implications of glycopeptide bonds. Glycobiology 12, 43R-56R 

(2002). 

16 Varki A, C. R., Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW, Etzler 

ME,. Essentials of Glycobiology. 2nd edn,  (Cold Spring Harbor Laboratory 

Press, 2008). 

17 Cohen, M. & Varki, A. The sialome--far more than the sum of its parts. Omics 

: a journal of integrative biology 14, 455-464, (2010). 

18 Gahmberg, C. G. & Tolvanen, M. Why mammalian cell surface proteins are 

glycoproteins. Trends in biochemical sciences 21, 308-311 (1996). 

19 Tsuji, S., Datta, A. K. & Paulson, J. C. Systematic nomenclature for 

sialyltransferases. Glycobiology 6, v-vii (1996). 

20 Berger, E. G. et al. Structure, biosynthesis and functions of glycoprotein 

glycans. Experientia 38, 1129-1162 (1982). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   48	  

21 Spillmann, D. & Burger, M. M. Carbohydrate-carbohydrate interactions in 

adhesion. Journal of cellular biochemistry 61, 562-568, (1996). 

22 Bucior, I. & Burger, M. M. Carbohydrate-carbohydrate interactions in cell 

recognition. Current opinion in structural biology 14, 631-637, (2004). 

23 Varki, A. Biological roles of oligosaccharides: all of the theories are correct. 

Glycobiology 3, 97-130 (1993). 

24 Gagneux, P. & Varki, A. Evolutionary considerations in relating 

oligosaccharide diversity to biological function. Glycobiology 9, 747-755 

(1999). 

25 Montreuil, J. Primary structure of glycoprotein glycans: basis for the 

molecular biology of glycoproteins. Advances in carbohydrate chemistry and 

biochemistry 37, 157-223 (1980). 

26 Comstock, L. E. & Kasper, D. L. Bacterial glycans: key mediators of diverse 

host immune responses. Cell 126, 847-850, (2006). 

27 van Kooyk, Y. & Rabinovich, G. A. Protein-glycan interactions in the control 

of innate and adaptive immune responses. Nature immunology 9, 593-601, 

(2008). 

28 Severi, E., Hood, D. W. & Thomas, G. H. Sialic acid utilization by bacterial 

pathogens. Microbiology 153, 2817-2822, (2007). 

29 Van Valen, L. Two modes of evolution. Nature 252, 298-300 (1974). 

30 Mazmanian, S. K. & Kasper, D. L. The love-hate relationship between 

bacterial polysaccharides and the host immune system. Nature reviews. 

Immunology 6, 849-858, (2006). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   49	  

31 Hooper, L. V. & Gordon, J. I. Glycans as legislators of host-microbial 

interactions: spanning the spectrum from symbiosis to pathogenicity. 

Glycobiology 11, 1R-10R (2001). 

32 Olofsson, S. & Bergstrom, T. Glycoconjugate glycans as viral receptors. 

Annals of medicine 37, 154-172, (2005). 

33 Moxon, E. R. & Kroll, J. S. The role of bacterial polysaccharide capsules as 

virulence factors. Current topics in microbiology and immunology 150, 65-85 

(1990). 

34 Munford, R. S. & Varley, A. W. Shield as signal: lipopolysaccharides and the 

evolution of immunity to gram-negative bacteria. PLoS pathogens 2, e67, 

(2006). 

35 Harvey, H. A., Swords, W. E. & Apicella, M. A. The mimicry of human 

glycolipids and glycosphingolipids by the lipooligosaccharides of pathogenic 

neisseria and haemophilus. Journal of autoimmunity 16, 257-262, (2001). 

36 Swords, W. E. Nontypeable Haemophilus influenzae biofilms: role in chronic 

airway infections. Frontiers in cellular and infection microbiology 2, 97, 

(2012). 

37 Greiner, L. L. et al. Nontypeable Haemophilus influenzae strain 2019 

produces a biofilm containing N-acetylneuraminic acid that may mimic 

sialylated O-linked glycans. Infection and immunity 72, 4249-4260, (2004). 

38 Mandrell, R. E. & Apicella, M. A. Lipo-oligosaccharides (LOS) of mucosal 

pathogens: molecular mimicry and host-modification of LOS. Immunobiology 

187, 382-402, (1993). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   50	  

39 Pittman, M. Variation and Type Specificity in the Bacterial Species 

Hemophilus Influenzae. The Journal of experimental medicine 53, 471-492 

(1931). 

40 Preston, A., Mandrell, R. E., Gibson, B. W. & Apicella, M. A. The 

lipooligosaccharides of pathogenic gram-negative bacteria. Critical reviews in 

microbiology 22, 139-180, (1996). 

41 van der Woude, M. W. & Baumler, A. J. Phase and antigenic variation in 

bacteria. Clinical microbiology reviews 17, 581-611, table of contents, (2004). 

42 Gaucher, S. P., Cancilla, M. T., Phillips, N. J., Gibson, B. W. & Leary, J. A. 

Mass spectral characterization of lipooligosaccharides from Haemophilus 

influenzae 2019. Biochemistry 39, 12406-12414 (2000). 

43 Gibson, B. W. et al. Investigation of the structural heterogeneity of 

lipooligosaccharides from pathogenic Haemophilus and Neisseria species and 

of R-type lipopolysaccharides from Salmonella typhimurium by electrospray 

mass spectrometry. Journal of bacteriology 175, 2702-2712 (1993). 

44 Swords, W. E., Jones, P. A. & Apicella, M. A. The lipo-oligosaccharides of 

Haemophilus influenzae: an interesting array of characters. Journal of 

endotoxin research 9, 131-144, (2003). 

45 Phillips, N. J. et al. Structural models for the cell surface lipooligosaccharides 

of Neisseria gonorrhoeae and Haemophilus influenzae. Biomedical & 

environmental mass spectrometry 19, 731-745 (1990). 

46 Proft, T. & Baker, E. N. Pili in Gram-negative and Gram-positive bacteria - 

structure, assembly and their role in disease. Cellular and molecular life 

sciences : CMLS 66, 613-635, (2009). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   51	  

47 Rostand, K. S. & Esko, J. D. Microbial adherence to and invasion through 

proteoglycans. Infection and immunity 65, 1-8 (1997). 

48 Kline, K. A., Falker, S., Dahlberg, S., Normark, S. & Henriques-Normark, B. 

Bacterial adhesins in host-microbe interactions. Cell host & microbe 5, 580-

592, (2009). 

49 Klemm, P. & Schembri, M. A. Bacterial adhesins: function and structure. 

International journal of medical microbiology : IJMM 290, 27-35, (2000). 

50 Jurcisek, J. et al. Role of sialic acid and complex carbohydrate biosynthesis in 

biofilm formation by nontypeable Haemophilus influenzae in the chinchilla 

middle ear. Infection and immunity 73, 3210-3218, (2005). 

51 Van Breedam, W., Pohlmann, S., Favoreel, H. W., de Groot, R. J. & 

Nauwynck, H. J. Bitter-sweet symphony: glycan-lectin interactions in virus 

biology. FEMS microbiology reviews, doi:10.1111/1574-6976.12052 (2013). 

52 Reconsideration of influenza A virus nomenclature: a WHO memorandum. 

Bulletin of the World Health Organization 57, 227-233 (1979). 

53 Liu, J. et al. Structures of receptor complexes formed by hemagglutinins from 

the Asian Influenza pandemic of 1957. Proceedings of the National Academy 

of Sciences of the United States of America 106, 17175-17180, (2009). 

54 Matrosovich, M. N. et al. Avian influenza A viruses differ from human 

viruses by recognition of sialyloligosaccharides and gangliosides and by a 

higher conservation of the HA receptor-binding site. Virology 233, 224-234, 

(1997). 

55 Rogers, G. N. & D'Souza, B. L. Receptor binding properties of human and 

animal H1 influenza virus isolates. Virology 173, 317-322 (1989). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   52	  

56 Connor, R. J., Kawaoka, Y., Webster, R. G. & Paulson, J. C. Receptor 

specificity in human, avian, and equine H2 and H3 influenza virus isolates. 

Virology 205, 17-23, (1994). 

57 Ito, T. et al. Molecular basis for the generation in pigs of influenza A viruses 

with pandemic potential. Journal of virology 72, 7367-7373 (1998). 

58 Ma, W., Kahn, R. E. & Richt, J. A. The pig as a mixing vessel for influenza 

viruses: Human and veterinary implications. Journal of molecular and genetic 

medicine : an international journal of biomedical research 3, 158-166 (2008). 

59 Palese, P., Tobita, K., Ueda, M. & Compans, R. W. Characterization of 

temperature sensitive influenza virus mutants defective in neuraminidase. 

Virology 61, 397-410 (1974). 

60 Shieh, M. T., WuDunn, D., Montgomery, R. I., Esko, J. D. & Spear, P. G. Cell 

surface receptors for herpes simplex virus are heparan sulfate proteoglycans. 

The Journal of cell biology 116, 1273-1281 (1992). 

61 Shukla, D. & Spear, P. G. Herpesviruses and heparan sulfate: an intimate 

relationship in aid of viral entry. The Journal of clinical investigation 108, 

503-510, (2001). 

62 Stansell, E. & Desrosiers, R. C. Functional contributions of carbohydrate on 

AIDS virus glycoprotein. The Yale journal of biology and medicine 83, 201-

208 (2010). 

63 Gottschalk, A. The chemistry and biology of sialic acids and related 

substances.  (Cambridge University Press, 1960). 

64 Varki, A. N-glycolylneuraminic acid deficiency in humans. Biochimie 83, 

615-622 (2001). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   53	  

65 Schachter, H. The joys of HexNAc. The synthesis and function of N- and O-

glycan branches. Glycoconjugate journal 17, 465-483 (2000). 

66 Hakomori, S. Structure, organization, and function of glycosphingolipids in 

membrane. Current opinion in hematology 10, 16-24 (2003). 

67 Sharon, N. & Lis, H. History of lectins: from hemagglutinins to biological 

recognition molecules. Glycobiology 14, 53R-62R, (2004). 

68 Pangburn, M. K., Pangburn, K. L., Koistinen, V., Meri, S. & Sharma, A. K. 

Molecular mechanisms of target recognition in an innate immune system: 

interactions among factor H, C3b, and target in the alternative pathway of 

human complement. Journal of immunology 164, 4742-4751 (2000). 

69 Crocker, P. R., Paulson, J. C. & Varki, A. Siglecs and their roles in the 

immune system. Nature reviews. Immunology 7, 255-266, (2007). 

70 Varki, A. & Angata, T. Siglecs--the major subfamily of I-type lectins. 

Glycobiology 16, 1R-27R, (2006). 

71 Ilver, D. et al. Bacterium-host protein-carbohydrate interactions. Methods in 

enzymology 363, 134-157, (2003). 

72 Vimr, E. R., Kalivoda, K. A., Deszo, E. L. & Steenbergen, S. M. Diversity of 

microbial sialic acid metabolism. Microbiology and molecular biology reviews 

: MMBR 68, 132-153 (2004). 

73 Varki, A. Sialic acids in human health and disease. Trends in molecular 

medicine 14, 351-360, (2008). 

74 Schwarzkopf, M. et al. Sialylation is essential for early development in mice. 

Proceedings of the National Academy of Sciences of the United States of 

America 99, 5267-5270, (2002). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   54	  

75 Troy, F. A., 2nd. Polysialylation: from bacteria to brains. Glycobiology 2, 5-23 

(1992). 

76 Traving, C. & Schauer, R. Structure, function and metabolism of sialic acids. 

Cellular and molecular life sciences : CMLS 54, 1330-1349 (1998). 

77 Warren, L. The Distribution of Sialic Acids in Nature. Comparative 

biochemistry and physiology 10, 153-171 (1963). 

78 Barry, G. T. Colominic acid, a polymer of N-acetylneuraminic acid. The 

Journal of experimental medicine 107, 507-521 (1958). 

79 Roggentin, P., Schauer, R., Hoyer, L. L. & Vimr, E. R. The sialidase 

superfamily and its spread by horizontal gene transfer. Molecular 

microbiology 9, 915-921 (1993). 

80 Raju, T. S., Briggs, J. B., Borge, S. M. & Jones, A. J. Species-specific 

variation in glycosylation of IgG: evidence for the species-specific sialylation 

and branch-specific galactosylation and importance for engineering 

recombinant glycoprotein therapeutics. Glycobiology 10, 477-486 (2000). 

81 Irie, A., Koyama, S., Kozutsumi, Y., Kawasaki, T. & Suzuki, A. The 

molecular basis for the absence of N-glycolylneuraminic acid in humans. The 

Journal of biological chemistry 273, 15866-15871 (1998). 

82 Shaw, L. & Schauer, R. The biosynthesis of N-glycoloylneuraminic acid 

occurs by hydroxylation of the CMP-glycoside of N-acetylneuraminic acid. 

Biological chemistry Hoppe-Seyler 369, 477-486 (1988). 

83 Fujii, Y., Higashi, H., Ikuta, K., Kato, S. & Naiki, M. Specificities of human 

heterophilic Hanganutziu and Deicher (H-D) antibodies and avian antisera 

against H-D antigen-active glycosphingolipids. Molecular immunology 19, 87-

94 (1982). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   55	  

84 Schauer, R., Srinivasan, G. V., Coddeville, B., Zanetta, J. P. & Guerardel, Y. 

Low incidence of N-glycolylneuraminic acid in birds and reptiles and its 

absence in the platypus. Carbohydrate research 344, 1494-1500, (2009). 

85 Ito, T. et al. Recognition of N-glycolylneuraminic acid linked to galactose by 

the alpha2,3 linkage is associated with intestinal replication of influenza A 

virus in ducks. Journal of virology 74, 9300-9305 (2000). 

86 Hashimoto, Y., Yamakawa, T. & Tanabe, Y. Further studies on the red cell 

glycolipids of various breeds of dogs. A possible assumption about the origin 

of Japanese dogs. Journal of biochemistry 96, 1777-1782 (1984). 

87 Yasue, S. et al. Difference in form of sialic acid in red blood cell glycolipids 

of different breeds of dogs. Journal of biochemistry 83, 1101-1107 (1978). 

88 Ando, N. & Yamakawa, T. On the minor gangliosides of erythrocyte 

membranes of Japanese cats. Journal of biochemistry 91, 873-881 (1982). 

89 Furukawa, K., Chait, B. T. & Lloyd, K. O. Identification of N-

glycolylneuraminic acid-containing gangliosides of cat and sheep 

erythrocytes. 252Cf fission fragment ionization mass spectrometry in the 

analysis of glycosphingolipids. The Journal of biological chemistry 263, 

14939-14947 (1988). 

90 Higa, H. H. & Paulson, J. C. Sialylation of glycoprotein oligosaccharides with 

N-acetyl-, N-glycolyl-, and N-O-diacetylneuraminic acids. The Journal of 

biological chemistry 260, 8838-8849 (1985). 

91 Verheijen, F. W. et al. A new gene, encoding an anion transporter, is mutated 

in sialic acid storage diseases. Nature genetics 23, 462-465, (1999). 

92 Rosenberg, A., Schengrund, C., . Biological Roles of Sialic Acids.  (Plenum 

Press, 1976). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   56	  

93 Merrick, J. M., Zadarlik, K. & Milgrom, F. Characterization of the 

Hanganutziu-Deicher (serum-sickness) antigen as gangliosides containing n-

glycolylneuraminic acid. International archives of allergy and applied 

immunology 57, 477-480 (1978). 

94 Nowak, J. A., Jain, N. K., Stinson, M. W. & Merrick, J. M. Interaction of 

bovine erythrocyte N-glycolylneuraminic acid-containing gangliosides and 

glycoproteins with a human Hanganutziu-Deicher serum. Molecular 

immunology 23, 693-700 (1986). 

95 Higashi, H., Naiki, M., Matuo, S. & Okouchi, K. Antigen of "serum sickness" 

type of heterophile antibodies in human sera: indentification as gangliosides 

with N-glycolylneuraminic acid. Biochemical and biophysical research 

communications 79, 388-395 (1977). 

96 Pham, T. et al. Evidence for a novel human-specific xeno-auto-antibody 

response against vascular endothelium. Blood 114, 5225-5235, (2009). 

97 Hedlund, M., Padler-Karavani, V., Varki, N. M. & Varki, A. Evidence for a 

human-specific mechanism for diet and antibody-mediated inflammation in 

carcinoma progression. Proceedings of the National Academy of Sciences of 

the United States of America 105, 18936-18941, (2008). 

98 Padler-Karavani, V. et al. Diversity in specificity, abundance, and 

composition of anti-Neu5Gc antibodies in normal humans: potential 

implications for disease. Glycobiology 18, 818-830, (2008). 

99 Padler-Karavani, V. et al. Human xeno-autoantibodies against a non-human 

sialic acid serve as novel serum biomarkers and immunotherapeutics in 

cancer. Cancer research 71, 3352-3363, (2011). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   57	  

100 Taylor, R. E. et al. Novel mechanism for the generation of human xeno-

autoantibodies against the nonhuman sialic acid N-glycolylneuraminic acid. 

The Journal of experimental medicine 207, 1637-1646, (2010). 

101 Kawano, T. et al. Molecular cloning of cytidine monophospho-N-

acetylneuraminic acid hydroxylase. Regulation of species- and tissue-specific 

expression of N-glycolylneuraminic acid. The Journal of biological chemistry 

270, 16458-16463 (1995). 

102 Takematsu, H. et al. Reaction mechanism underlying CMP-N-

acetylneuraminic acid hydroxylation in mouse liver: formation of a ternary 

complex of cytochrome b5, CMP-N-acetylneuraminic acid, and a 

hydroxylation enzyme. Journal of biochemistry 115, 381-386 (1994). 

103 Chou, H. H. et al. A mutation in human CMP-sialic acid hydroxylase occurred 

after the Homo-Pan divergence. Proceedings of the National Academy of 

Sciences of the United States of America 95, 11751-11756 (1998). 

104 Hayakawa, T., Satta, Y., Gagneux, P., Varki, A. & Takahata, N. Alu-mediated 

inactivation of the human CMP- N-acetylneuraminic acid hydroxylase gene. 

Proceedings of the National Academy of Sciences of the United States of 

America 98, 11399-11404, (2001). 

105 Chou, H. H. et al. Inactivation of CMP-N-acetylneuraminic acid hydroxylase 

occurred prior to brain expansion during human evolution. Proceedings of the 

National Academy of Sciences of the United States of America 99, 11736-

11741, (2002). 

106 Malykh, Y. N., Schauer, R. & Shaw, L. N-Glycolylneuraminic acid in human 

tumours. Biochimie 83, 623-634 (2001). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   58	  

107 Tangvoranuntakul, P. et al. Human uptake and incorporation of an 

immunogenic nonhuman dietary sialic acid. Proceedings of the National 

Academy of Sciences of the United States of America 100, 12045-12050, 

(2003). 

108 Bardor, M., Nguyen, D. H., Diaz, S. & Varki, A. Mechanism of uptake and 

incorporation of the non-human sialic acid N-glycolylneuraminic acid into 

human cells. The Journal of biological chemistry 280, 4228-4237, (2005). 

109 Varki, A. Loss of N-glycolylneuraminic acid in humans: Mechanisms, 

consequences, and implications for hominid evolution. American journal of 

physical anthropology Suppl 33, 54-69 (2001). 

110 Asaoka, H., Nishinaka, S., Wakamiya, N., Matsuda, H. & Murata, M. Two 

chicken monoclonal antibodies specific for heterophil Hanganutziu-Deicher 

antigens. Immunology letters 32, 91-96 (1992). 

111 Hirabayashi, Y. et al. A new method for purification of anti-glycosphingolipid 

antibody. Avian anti-hematoside (NeuGc) antibody. Journal of biochemistry 

94, 327-330 (1983). 

112 Varki, A. Colloquium paper: uniquely human evolution of sialic acid genetics 

and biology. Proceedings of the National Academy of Sciences of the United 

States of America 107 Suppl 2, 8939-8946, (2010). 

113 Varki, A. A chimpanzee genome project is a biomedical imperative. Genome 

research 10, 1065-1070 (2000). 

114 Varki, N. M., Strobert, E., Dick, E. J., Jr., Benirschke, K. & Varki, A. 

Biomedical differences between human and nonhuman hominids: potential 

roles for uniquely human aspects of sialic acid biology. Annual review of 

pathology 6, 365-393, (2011). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   59	  

115 Cao, H. & Crocker, P. R. Evolution of CD33-related siglecs: regulating host 

immune functions and escaping pathogen exploitation? Immunology 132, 18-

26, (2011). 

116 Martin, M. J., Rayner, J. C., Gagneux, P., Barnwell, J. W. & Varki, A. 

Evolution of human-chimpanzee differences in malaria susceptibility: 

relationship to human genetic loss of N-glycolylneuraminic acid. Proceedings 

of the National Academy of Sciences of the United States of America 102, 

12819-12824, (2005). 

117 Schwegmann-Wessels, C. & Herrler, G. Sialic acids as receptor determinants 

for coronaviruses. Glycoconjugate journal 23, 51-58, (2006). 

118 Campanero-Rhodes, M. A. et al. N-glycolyl GM1 ganglioside as a receptor for 

simian virus 40. Journal of virology 81, 12846-12858, (2007). 

119 Kyogashima, M., Ginsburg, V. & Krivan, H. C. Escherichia coli K99 binds to 

N-glycolylsialoparagloboside and N-glycolyl-GM3 found in piglet small 

intestine. Archives of biochemistry and biophysics 270, 391-397 (1989). 

120 Martin, M. J., Muotri, A., Gage, F. & Varki, A. Human embryonic stem cells 

express an immunogenic nonhuman sialic acid. Nature medicine 11, 228-232, 

(2005). 

121 Varki, A. & Gagneux, P. Human-specific evolution of sialic acid targets: 

explaining the malignant malaria mystery? Proceedings of the National 

Academy of Sciences of the United States of America 106, 14739-14740, 

(2009). 

122 Rich, S. M. et al. The origin of malignant malaria. Proceedings of the 

National Academy of Sciences of the United States of America 106, 14902-

14907, (2009). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   60	  

123 Crocker, P. R. Siglecs: sialic-acid-binding immunoglobulin-like lectins in cell-

cell interactions and signalling. Current opinion in structural biology 12, 609-

615 (2002). 

124 Crocker, P. R., McMillan, S. J. & Richards, H. E. CD33-related siglecs as 

potential modulators of inflammatory responses. Annals of the New York 

Academy of Sciences 1253, 102-111, (2012). 

125 Varki, A. Multiple changes in sialic acid biology during human evolution. 

Glycoconjugate journal 26, 231-245, (2009). 

126 Crocker, P. R. & Redelinghuys, P. Siglecs as positive and negative regulators 

of the immune system. Biochemical Society transactions 36, 1467-1471, 

(2008). 

127 McMillan, S. J. & Crocker, P. R. CD33-related sialic-acid-binding 

immunoglobulin-like lectins in health and disease. Carbohydrate research 

343, 2050-2056, (2008). 

128 Padler-Karavani, V. et al. Rapid evolution of binding specificities and 

expression patterns of inhibitory CD33-related Siglecs in primates. FASEB 

journal : official publication of the Federation of American Societies for 

Experimental Biology 28, 1280-1293, (2014). 

129 Cao, H. et al. Comparative genomics indicates the mammalian CD33rSiglec 

locus evolved by an ancient large-scale inverse duplication and suggests all 

Siglecs share a common ancestral region. Immunogenetics 61, 401-417, 

(2009). 

130 Bergey, D. H., Holt, J.G et al. Bergey's Manual Of Determinative Biology. 9th 

Edition edn,  (Lippincott Williams & Wilkins, 1994). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   61	  

131 Kilian, M. A taxonomic study of the genus Haemophilus, with the proposal of 

a new species. Journal of general microbiology 93, 9-62 (1976). 

132 Mannheim, W. in Bergey's manual of systematic bacteriology   (ed N.R. and 

Holt Krieg, J.G. )  550-572 (The Williams & Wilkins Co., 1984). 

133 Gyles, C. L., Prescott, J. F., Songer, G., and Thoen, C. Pathogenenis of 

Bacterial Infections in Animals. 4th Edition edn,  (Blackwell Publishing, 

2010). 

134 Evans, N. M., Smith, D. D. & Wicken, A. J. Haemin and nicotinamide adenine 

dinucleotide requirements of Haemophilus influenzae and Haemophilus 

parainfluenzae. Journal of medical microbiology 7, 359-365 (1974). 

135 Murphy, T. F. et al. Nontypeable Haemophilus influenzae as a pathogen in 

children. The Pediatric infectious disease journal 28, 43-48, (2009). 

136 Murphy, T. F. Respiratory infections caused by non-typeable Haemophilus 

influenzae. Current opinion in infectious diseases 16, 129-134, (2003). 

137 St Geme, J. W., 3rd. Molecular and cellular determinants of non-typeable 

Haemophilus influenzae adherence and invasion. Cellular microbiology 4, 

191-200 (2002). 

138 Campagnari, A. A., Gupta, M. R., Dudas, K. C., Murphy, T. F. & Apicella, M. 

A. Antigenic diversity of lipooligosaccharides of nontypable Haemophilus 

influenzae. Infection and immunity 55, 882-887 (1987). 

139 Patrick, C. C. et al. Antigenic characterization of the oligosaccharide portion 

of the lipooligosaccharide of nontypable Haemophilus influenzae. Infection 

and immunity 55, 2902-2911 (1987). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   62	  

140 Kulshin, V. A. et al. Structural characterization of the lipid A component of 

pathogenic Neisseria meningitidis. Journal of bacteriology 174, 1793-1800 

(1992). 

141 Gamian, A., Beurret, M., Michon, F., Brisson, J. R. & Jennings, H. J. 

Structure of the L2 lipopolysaccharide core oligosaccharides of Neisseria 

meningitidis. The Journal of biological chemistry 267, 922-925 (1992). 

142 Holme, T., Rahman, M., Jansson, P. E. & Widmalm, G. The 

lipopolysaccharide of moraxella catarrhalis structural relationships and 

antigenic properties. European journal of biochemistry / FEBS 265, 524-529 

(1999). 

143 Fomsgaard, J. S., Fomsgaard, A., Hoiby, N., Bruun, B. & Galanos, C. 

Comparative immunochemistry of lipopolysaccharides from Branhamella 

catarrhalis strains. Infection and immunity 59, 3346-3349 (1991). 

144 Mandrell, R. E. et al. Lipooligosaccharides (LOS) of some Haemophilus 

species mimic human glycosphingolipids, and some LOS are sialylated. 

Infection and immunity 60, 1322-1328 (1992). 

145 Hood, D. W. et al. Sialic acid in the lipopolysaccharide of Haemophilus 

influenzae: strain distribution, influence on serum resistance and structural 

characterization. Molecular microbiology 33, 679-692 (1999). 

146 Bouchet, V. et al. Host-derived sialic acid is incorporated into Haemophilus 

influenzae lipopolysaccharide and is a major virulence factor in experimental 

otitis media. Proceedings of the National Academy of Sciences of the United 

States of America 100, 8898-8903, (2003). 

147 O'Toole, G., Kaplan, H. B. & Kolter, R. Biofilm formation as microbial 

development. Annual review of microbiology 54, 49-79, (2000). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   63	  

148 Bakaletz, L. O. Bacterial biofilms in otitis media: evidence and relevance. The 

Pediatric infectious disease journal 26, S17-19, (2007). 

149 Bakaletz, L. O. Bacterial biofilms in the upper airway - evidence for role in 

pathology and implications for treatment of otitis media. Paediatric 

respiratory reviews 13, 154-159, (2012). 

150 Swords, W. E. et al. Sialylation of lipooligosaccharides promotes biofilm 

formation by nontypeable Haemophilus influenzae. Infection and immunity 

72, 106-113 (2004). 

151 Vimr, E. & Lichtensteiger, C. To sialylate, or not to sialylate: that is the 

question. Trends in microbiology 10, 254-257 (2002). 

152 Vimr, E., Lichtensteiger, C. & Steenbergen, S. Sialic acid metabolism's dual 

function in Haemophilus influenzae. Molecular microbiology 36, 1113-1123 

(2000). 

153 Johnston, J. W. et al. Regulation of sialic acid transport and catabolism in 

Haemophilus influenzae. Molecular microbiology 66, 26-39, (2007). 

154 Jenkins, G. A. et al. Sialic acid mediated transcriptional modulation of a 

highly conserved sialometabolism gene cluster in Haemophilus influenzae and 

its effect on virulence. BMC microbiology 10, 48, (2010). 

155 Johnston, J. W., Shamsulddin, H., Miller, A. F. & Apicella, M. A. Sialic acid 

transport and catabolism are cooperatively regulated by SiaR and CRP in 

nontypeable Haemophilus influenzae. BMC microbiology 10, 240, (2010). 

156 Allen, S., Zaleski, A., Johnston, J. W., Gibson, B. W. & Apicella, M. A. Novel 

sialic acid transporter of Haemophilus influenzae. Infection and immunity 73, 

5291-5300, (2005). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   64	  

157 Severi, E. et al. Sialic acid transport in Haemophilus influenzae is essential for 

lipopolysaccharide sialylation and serum resistance and is dependent on a 

novel tripartite ATP-independent periplasmic transporter. Molecular 

microbiology 58, 1173-1185, (2005). 

158 Haft, R. F., Wessels, M. R., Mebane, M. F., Conaty, N. & Rubens, C. E. 

Characterization of cpsF and its product CMP-N-acetylneuraminic acid 

synthetase, a group B streptococcal enzyme that can function in K1 capsular 

polysaccharide biosynthesis in Escherichia coli. Molecular microbiology 19, 

555-563 (1996). 

159 Johnston, J. W. et al. Characterization of the N-acetyl-5-neuraminic acid-

binding site of the extracytoplasmic solute receptor (SiaP) of nontypeable 

Haemophilus influenzae strain 2019. The Journal of biological chemistry 283, 

855-865, (2008). 

160 Apicella, M. A. Nontypeable Haemophilus influenzae: the role of N-acetyl-5-

neuraminic acid in biology. Frontiers in cellular and infection microbiology 2, 

19, (2012). 

161 Redfield, R. J. et al. A novel CRP-dependent regulon controls expression of 

competence genes in Haemophilus influenzae. Journal of molecular biology 

347, 735-747, (2005). 

162 Figueira, M. A. et al. Role of complement in defense of the middle ear 

revealed by restoring the virulence of nontypeable Haemophilus influenzae 

siaB mutants. Infection and immunity 75, 325-333, (2007). 

163 Tullius, M. V., Munson, R. S., Jr., Wang, J. & Gibson, B. W. Purification, 

cloning, and expression of a cytidine 5'-monophosphate N-acetylneuraminic 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   65	  

acid synthetase from Haemophilus ducreyi. The Journal of biological 

chemistry 271, 15373-15380 (1996). 

164 Hood, D. W. et al. Identification of a lipopolysaccharide alpha-2,3-

sialyltransferase from Haemophilus influenzae. Molecular microbiology 39, 

341-350 (2001). 

165 Jones, P. A. et al. Haemophilus influenzae type b strain A2 has multiple 

sialyltransferases involved in lipooligosaccharide sialylation. The Journal of 

biological chemistry 277, 14598-14611, (2002). 

166 Fox, K. L. et al. Identification of a bifunctional lipopolysaccharide 

sialyltransferase in Haemophilus influenzae: incorporation of disialic acid. The 

Journal of biological chemistry 281, 40024-40032, (2006). 

167 Ringenberg, M. A., Steenbergen, S. M. & Vimr, E. R. The first committed 

step in the biosynthesis of sialic acid by Escherichia coli K1 does not involve 

a phosphorylated N-acetylmannosamine intermediate. Molecular 

microbiology 50, 961-975 (2003). 

168 Plumbridge, J. & Vimr, E. Convergent pathways for utilization of the amino 

sugars N-acetylglucosamine, N-acetylmannosamine, and N-acetylneuraminic 

acid by Escherichia coli. Journal of bacteriology 181, 47-54 (1999). 

169 Stein, D. C. in The Prokaryotes: A Handbook on the Biology of Bacteria Vol. 

5    602-647 (Springer, 2006). 

170 Knapp, J. S. Historical perspectives and identification of Neisseria and related 

species. Clinical microbiology reviews 1, 415-431 (1988). 

171 Rouphael, N. G. & Stephens, D. S. Neisseria meningitidis: biology, 

microbiology, and epidemiology. Methods in molecular biology 799, 1-20, 

(2012). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   66	  

172 Tzeng, Y. L. & Stephens, D. S. Epidemiology and pathogenesis of Neisseria 

meningitidis. Microbes and infection / Institut Pasteur 2, 687-700 (2000). 

173 Anonychuk, A., Woo, G., Vyse, A., Demarteau, N. & Tricco, A. C. The cost 

and public health burden of invasive meningococcal disease outbreaks: a 

systematic review. PharmacoEconomics 31, 563-576, (2013). 

174 Hart, C. A. & Rogers, T. R. Meningococcal disease. Journal of medical 

microbiology 39, 3-25 (1993). 

175 Carbonnelle, E. et al. Meningococcal interactions with the host. Vaccine 27 

Suppl 2, B78-89, (2009). 

176 Hill, D. J. & Virji, M. Meningococcal ligands and molecular targets of the 

host. Methods in molecular biology 799, 143-152, (2012). 

177 Kahler, C. M. & Stephens, D. S. Genetic basis for biosynthesis, structure, and 

function of meningococcal lipooligosaccharide (endotoxin). Critical reviews 

in microbiology 24, 281-334 (1998). 

178 Hammerschmidt, S. et al. Contribution of genes from the capsule gene 

complex (cps) to lipooligosaccharide biosynthesis and serum resistance in 

Neisseria meningitidis. Molecular microbiology 11, 885-896 (1994). 

179 Kahler, C. M. et al. The (alpha2-->8)-linked polysialic acid capsule and 

lipooligosaccharide structure both contribute to the ability of serogroup B 

Neisseria meningitidis to resist the bactericidal activity of normal human 

serum. Infection and immunity 66, 5939-5947 (1998). 

180 Vogel, U. & Frosch, M. Mechanisms of neisserial serum resistance. Molecular 

microbiology 32, 1133-1139 (1999). 

181 Liu, T. Y., Gotschlich, E. C., Dunne, F. T. & Jonssen, E. K. Studies on the 

meningococcal polysaccharides. II. Composition and chemical properties of 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   67	  

the group B and group C polysaccharide. The Journal of biological chemistry 

246, 4703-4712 (1971). 

182 Liu, T. Y., Gotschlich, E. C., Jonssen, E. K. & Wysocki, J. R. Studies on the 

meningococcal polysaccharides. I. Composition and chemical properties of the 

group A polysaccharide. The Journal of biological chemistry 246, 2849-2858 

(1971). 

183 Bhattacharjee, A. K., Jennings, H. J., Kenny, C. P., Martin, A. & Smith, I. C. 

Structural determination of the polysaccharide antigens of Neisseria 

meningitidis serogroups Y, W-135, and BO1. Canadian journal of 

biochemistry 54, 1-8 (1976). 

184 Guibourdenche, M., Popoff, M. Y. & Riou, J. Y. Deoxyribonucleic acid 

relatedness among Neisseria gonorrhoeae, N. meningitidis, N. lactamica, N. 

cinerea and "Neisseria polysaccharea". Annales de l'Institut Pasteur. 

Microbiology 137B, 177-185 (1986). 

185 Klee, S. R. et al. Molecular and biological analysis of eight genetic islands 

that distinguish Neisseria meningitidis from the closely related pathogen 

Neisseria gonorrhoeae. Infection and immunity 68, 2082-2095 (2000). 

186 Perrin, A., Nassif, X. & Tinsley, C. Identification of regions of the 

chromosome of Neisseria meningitidis and Neisseria gonorrhoeae which are 

specific to the pathogenic Neisseria species. Infection and immunity 67, 6119-

6129 (1999). 

187 Seib, K. L., Tseng, H. J., McEwan, A. G., Apicella, M. A. & Jennings, M. P. 

Defenses against oxidative stress in Neisseria gonorrhoeae and Neisseria 

meningitidis: distinctive systems for different lifestyles. The Journal of 

infectious diseases 190, 136-147, (2004). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   68	  

188 Schielke, S., Frosch, M. & Kurzai, O. Virulence determinants involved in 

differential host niche adaptation of Neisseria meningitidis and Neisseria 

gonorrhoeae. Medical microbiology and immunology 199, 185-196, (2010). 

189 Vogel, U., Hammerschmidt, S. & Frosch, M. Sialic acids of both the capsule 

and the sialylated lipooligosaccharide of Neisseria meningitis serogroup B are 

prerequisites for virulence of meningococci in the infant rat. Medical 

microbiology and immunology 185, 81-87 (1996). 

190 Verheul, A. F., Snippe, H. & Poolman, J. T. Meningococcal 

lipopolysaccharides: virulence factor and potential vaccine component. 

Microbiological reviews 57, 34-49 (1993). 

191 Mandrell, R. E. et al. Endogenous sialylation of the lipooligosaccharides of 

Neisseria meningitidis. Journal of bacteriology 173, 2823-2832 (1991). 

192 Mandrell, R. E., Griffiss, J. M. & Macher, B. A. Lipooligosaccharides (LOS) 

of Neisseria gonorrhoeae and Neisseria meningitidis have components that are 

immunochemically similar to precursors of human blood group antigens. 

Carbohydrate sequence specificity of the mouse monoclonal antibodies that 

recognize crossreacting antigens on LOS and human erythrocytes. The 

Journal of experimental medicine 168, 107-126 (1988). 

193 Tsai, C. M. Molecular mimicry of host structures by lipooligosaccharides of 

Neisseria meningitidis: characterization of sialylated and nonsialylated lacto-

N-neotetraose (Galbeta1-4GlcNAcbeta1-3Galbeta1-4Glc) structures in 

lipooligosaccharides using monoclonal antibodies and specific lectins. 

Advances in experimental medicine and biology 491, 525-542 (2001). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   69	  

194 Hakomori, S. Blood group ABH and Ii antigens of human erythrocytes: 

chemistry, polymorphism, and their developmental change. Seminars in 

hematology 18, 39-62 (1981). 

195 Jennings, M. P., Hood, D. W., Peak, I. R., Virji, M. & Moxon, E. R. 

Molecular analysis of a locus for the biosynthesis and phase-variable 

expression of the lacto-N-neotetraose terminal lipopolysaccharide structure in 

Neisseria meningitidis. Molecular microbiology 18, 729-740 (1995). 

196 Jarvis, G. A. & Vedros, N. A. Sialic acid of group B Neisseria meningitidis 

regulates alternative complement pathway activation. Infection and immunity 

55, 174-180 (1987). 

197 Mackinnon, F. G. et al. Demonstration of lipooligosaccharide immunotype 

and capsule as virulence factors for Neisseria meningitidis using an infant 

mouse intranasal infection model. Microbial pathogenesis 15, 359-366, 

(1993). 

198 Gotschlich, E. C., Liu, T. Y. & Artenstein, M. S. Human immunity to the 

meningococcus. 3. Preparation and immunochemical properties of the group 

A, group B, and group C meningococcal polysaccharides. The Journal of 

experimental medicine 129, 1349-1365 (1969). 

199 Bhattacharjee, A. K., Jennings, H. J., Kenny, C. P., Martin, A. & Smith, I. C. 

Structural determination of the sialic acid polysaccharide antigens of Neisseria 

meningitidis serogroups B and C with carbon 13 nuclear magnetic resonance. 

The Journal of biological chemistry 250, 1926-1932 (1975). 

200 Spinosa, M. R. et al. The Neisseria meningitidis capsule is important for 

intracellular survival in human cells. Infection and immunity 75, 3594-3603, 

(2007). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   70	  

201 Stephens, D. S., Spellman, P. A. & Swartley, J. S. Effect of the (alpha 2-->8)-

linked polysialic acid capsule on adherence of Neisseria meningitidis to 

human mucosal cells. The Journal of infectious diseases 167, 475-479 (1993). 

202 Hammerschmidt, S. et al. Modulation of cell surface sialic acid expression in 

Neisseria meningitidis via a transposable genetic element. The EMBO journal 

15, 192-198 (1996). 

203 Virji, M. et al. Expression of the Opc protein correlates with invasion of 

epithelial and endothelial cells by Neisseria meningitidis. Molecular 

microbiology 6, 2785-2795 (1992). 

204 Virji, M., Makepeace, K., Ferguson, D. J., Achtman, M. & Moxon, E. R. 

Meningococcal Opa and Opc proteins: their role in colonization and invasion 

of human epithelial and endothelial cells. Molecular microbiology 10, 499-510 

(1993). 

205 Finne, J., Leinonen, M. & Makela, P. H. Antigenic similarities between brain 

components and bacteria causing meningitis. Implications for vaccine 

development and pathogenesis. Lancet 2, 355-357 (1983). 

206 Hammerschmidt, S. et al. Capsule phase variation in Neisseria meningitidis 

serogroup B by slipped-strand mispairing in the polysialyltransferase gene 

(siaD): correlation with bacterial invasion and the outbreak of meningococcal 

disease. Molecular microbiology 20, 1211-1220 (1996). 

207 Frosch, M., Weisgerber, C. & Meyer, T. F. Molecular characterization and 

expression in Escherichia coli of the gene complex encoding the 

polysaccharide capsule of Neisseria meningitidis group B. Proceedings of the 

National Academy of Sciences of the United States of America 86, 1669-1673 

(1989). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   71	  

208 Edwards, U., Muller, A., Hammerschmidt, S., Gerardy-Schahn, R. & Frosch, 

M. Molecular analysis of the biosynthesis pathway of the alpha-2,8 polysialic 

acid capsule by Neisseria meningitidis serogroup B. Molecular microbiology 

14, 141-149 (1994). 

209 Swartley, J. S., Ahn, J. H., Liu, L. J., Kahler, C. M. & Stephens, D. S. 

Expression of sialic acid and polysialic acid in serogroup B Neisseria 

meningitidis: divergent transcription of biosynthesis and transport operons 

through a common promoter region. Journal of bacteriology 178, 4052-4059 

(1996). 

210 Kasper, D. L., Winkelhake, J. L., Zollinger, W. D., Brandt, B. L. & Artenstein, 

M. S. Immunochemical similarity between polysaccharide antigens of 

Escherichia coli 07: K1(L):NM and group B Neisseria meningitidis. Journal 

of immunology 110, 262-268 (1973). 

211 Masson, L. & Holbein, B. E. Physiology of sialic acid capsular polysaccharide 

synthesis in serogroup B Neisseria meningitidis. Journal of bacteriology 154, 

728-736 (1983). 

212 Petersen, M., Fessner, W., Frosch, M. & Luneberg, E. The siaA gene involved 

in capsule polysaccharide biosynthesis of Neisseria meningitidis B codes for 

N-acylglucosamine-6-phosphate 2-epimerase activity. FEMS microbiology 

letters 184, 161-164 (2000). 

213 Edwards, U. & Frosch, M. Sequence and functional analysis of the cloned 

Neisseria meningitidis CMP-NeuNAc synthetase. FEMS microbiology letters 

75, 161-166 (1992). 

214 Ganguli, S. et al. Molecular cloning and analysis of genes for sialic acid 

synthesis in Neisseria meningitidis group B and purification of the 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   72	  

meningococcal CMP-NeuNAc synthetase enzyme. Journal of bacteriology 

176, 4583-4589 (1994). 

215 Dawood, F. S. et al. Estimated global mortality associated with the first 12 

months of 2009 pandemic influenza A H1N1 virus circulation: a modelling 

study. The Lancet infectious diseases 12, 687-695, (2012). 

216 Simonsen, L. et al. Global mortality estimates for the 2009 Influenza 

Pandemic from the GLaMOR project: a modeling study. PLoS medicine 10, 

e1001558, (2013). 

217 Osterhaus, A. D., Rimmelzwaan, G. F., Martina, B. E., Bestebroer, T. M. & 

Fouchier, R. A. Influenza B virus in seals. Science 288, 1051-1053 (2000). 

218 Kimura, H. et al. Interspecies transmission of influenza C virus between 

humans and pigs. Virus research 48, 71-79 (1997). 

219 Matrosovich, M., Stech, J. & Klenk, H. D. Influenza receptors, polymerase 

and host range. Revue scientifique et technique 28, 203-217 (2009). 

220 Gamblin, S. J. & Skehel, J. J. Influenza hemagglutinin and neuraminidase 

membrane glycoproteins. The Journal of biological chemistry 285, 28403-

28409, (2010). 

221 Taubenberger, J. K. & Kash, J. C. Influenza virus evolution, host adaptation, 

and pandemic formation. Cell host & microbe 7, 440-451, (2010). 

222 Kida, H. et al. Potential for transmission of avian influenza viruses to pigs. 

The Journal of general virology 75 ( Pt 9), 2183-2188 (1994). 

223 Hinshaw, V. S., Bean, W. J., Webster, R. G. & Sriram, G. Genetic 

reassortment of influenza A viruses in the intestinal tract of ducks. Virology 

102, 412-419 (1980). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   73	  

224 Kuchipudi, S. V. et al. Differences in influenza virus receptors in chickens and 

ducks: Implications for interspecies transmission. Journal of molecular and 

genetic medicine : an international journal of biomedical research 3, 143-151 

(2009). 

225 Webster, R. G. Influenza virus: transmission between species and relevance to 

emergence of the next human pandemic. Archives of virology. Supplementum 

13, 105-113 (1997). 

226 Smith, G. J. et al. Origins and evolutionary genomics of the 2009 swine-origin 

H1N1 influenza A epidemic. Nature 459, 1122-1125, (2009). 

227 Stevens, J., Blixt, O., Paulson, J. C. & Wilson, I. A. Glycan microarray 

technologies: tools to survey host specificity of influenza viruses. Nature 

reviews. Microbiology 4, 857-864, (2006). 

228 Smith, W., Andrewes, C.H., and Laidlaw, P.P. A VIRUS OBTAINED FROM 

INFLUENZA PATIENTS. Lancet 222, 66-68 (1933). 

229 O'Donnell, C. D. & Subbarao, K. The contribution of animal models to the 

understanding of the host range and virulence of influenza A viruses. 

Microbes and infection / Institut Pasteur 13, 502-515, (2011). 

230 Bouvier, N. M. & Lowen, A. C. Animal Models for Influenza Virus 

Pathogenesis and Transmission. Viruses 2, 1530-1563, (2010). 

231 Maher, J. A. & DeStefano, J. The ferret: an animal model to study influenza 

virus. Lab animal 33, 50-53, (2004). 

232 Matsuoka, Y., Lamirande, E. W. & Subbarao, K. The ferret model for 

influenza. Current protocols in microbiology Chapter 15, Unit 15G 12, 

(2009). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   74	  

233 Belser, J. A., Katz, J. M. & Tumpey, T. M. The ferret as a model organism to 

study influenza A virus infection. Disease models & mechanisms 4, 575-579, 

(2011). 

234 Thangavel, R. R. & Bouvier, N. M. Animal models for influenza virus 

pathogenesis, transmission, and immunology. Journal of immunological 

methods, (2014). 

235 Jayaraman, A. et al. Decoding the distribution of glycan receptors for human-

adapted influenza A viruses in ferret respiratory tract. PloS one 7, e27517, 

(2012). 

236 Herfst, S. et al. Airborne transmission of influenza A/H5N1 virus between 

ferrets. Science 336, 1534-1541, (2012). 

237 Imai, M. et al. Experimental adaptation of an influenza H5 HA confers 

respiratory droplet transmission to a reassortant H5 HA/H1N1 virus in ferrets. 

Nature 486, 420-428, (2012). 

238 Elton, D. et al. The genetics of virus particle shape in equine influenza A 

virus. Influenza and other respiratory viruses 7 Suppl 4, 81-89, (2013). 

239 Hutchinson, E. C., von Kirchbach, J. C., Gog, J. R. & Digard, P. Genome 

packaging in influenza A virus. The Journal of general virology 91, 313-328, 

(2010). 

240 Noda, T. & Kawaoka, Y. Structure of influenza virus ribonucleoprotein 

complexes and their packaging into virions. Reviews in medical virology 20, 

380-391, (2010). 

241 Nelson, M. I. & Holmes, E. C. The evolution of epidemic influenza. Nature 

reviews. Genetics 8, 196-205, (2007). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   75	  

242 Air, G. M. Influenza neuraminidase. Influenza and other respiratory viruses 6, 

245-256, (2012). 

243 Lamb, R. A., Zebedee, S. L. & Richardson, C. D. Influenza virus M2 protein 

is an integral membrane protein expressed on the infected-cell surface. Cell 

40, 627-633 (1985). 

244 Sakaguchi, T. [Structure and function of the influenza virus M2 ion channel 

protein]. Nihon rinsho. Japanese journal of clinical medicine 55, 2587-2592 

(1997). 

245 Air, G. M. Sequence relationships among the hemagglutinin genes of 12 

subtypes of influenza A virus. Proceedings of the National Academy of 

Sciences of the United States of America 78, 7639-7643 (1981). 

246 Skehel, J. J. & Wiley, D. C. Receptor binding and membrane fusion in virus 

entry: the influenza hemagglutinin. Annual review of biochemistry 69, 531-

569, (2000). 

247 Weis, W. et al. Structure of the influenza virus haemagglutinin complexed 

with its receptor, sialic acid. Nature 333, 426-431, (1988). 

248 von Itzstein, M. The war against influenza: discovery and development of 

sialidase inhibitors. Nature reviews. Drug discovery 6, 967-974, (2007). 

249 Imai, M. & Kawaoka, Y. The role of receptor binding specificity in 

interspecies transmission of influenza viruses. Current opinion in virology 2, 

160-167, (2012). 

250 Garcia-Sastre, A. Influenza virus receptor specificity: disease and 

transmission. The American journal of pathology 176, 1584-1585, (2010). 

251 Suzuki, Y. et al. Sialic acid species as a determinant of the host range of 

influenza A viruses. Journal of virology 74, 11825-11831 (2000). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   76	  

252 Suzuki, Y. [Receptor sialylsugar chains as determinants of host range of 

influenza viruses]. Nihon rinsho. Japanese journal of clinical medicine 58, 

2206-2210 (2000). 

253 Varghese, J. N., Laver, W. G. & Colman, P. M. Structure of the influenza 

virus glycoprotein antigen neuraminidase at 2.9 A resolution. Nature 303, 35-

40 (1983). 

254 Mitnaul, L. J. et al. Balanced hemagglutinin and neuraminidase activities are 

critical for efficient replication of influenza A virus. Journal of virology 74, 

6015-6020 (2000). 

255 Wagner, R., Matrosovich, M. & Klenk, H. D. Functional balance between 

haemagglutinin and neuraminidase in influenza virus infections. Reviews in 

medical virology 12, 159-166, (2002). 

256 Kaverin, N. V. et al. Postreassortment changes in influenza A virus 

hemagglutinin restoring HA-NA functional match. Virology 244, 315-321, 

(1998). 

257 von Itzstein, M. & Thomson, R. Anti-influenza drugs: the development of 

sialidase inhibitors. Handbook of experimental pharmacology, 111-154, 

(2009). 

258 Russell, R. J. et al. The structure of H5N1 avian influenza neuraminidase 

suggests new opportunities for drug design. Nature 443, 45-49, (2006). 

259 Mitrasinovic, P. M. Advances in the structure-based design of the influenza A 

neuraminidase inhibitors. Current drug targets 11, 315-326 (2010). 

260 von Itzstein, M. et al. Rational design of potent sialidase-based inhibitors of 

influenza virus replication. Nature 363, 418-423, (1993). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   77	  

261 Kim, C. U. et al. Influenza neuraminidase inhibitors possessing a novel 

hydrophobic interaction in the enzyme active site: design, synthesis, and 

structural analysis of carbocyclic sialic acid analogues with potent anti-

influenza activity. Journal of the American Chemical Society 119, 681-690 

(1997). 

262 Herlocher, M. L. et al. Influenza viruses resistant to the antiviral drug 

oseltamivir: transmission studies in ferrets. The Journal of infectious diseases 

190, 1627-1630, (2004). 

263 Ginting, T. E. et al. Amino acid changes in hemagglutinin contribute to the 

replication of oseltamivir-resistant H1N1 influenza viruses. Journal of 

virology 86, 121-127, (2012). 

264 Collins, P. J. et al. Structural basis for oseltamivir resistance of influenza 

viruses. Vaccine 27, 6317-6323, (2009). 

265 Renaud, C., Kuypers, J. & Englund, J. A. Emerging oseltamivir resistance in 

seasonal and pandemic influenza A/H1N1. Journal of clinical virology : the 

official publication of the Pan American Society for Clinical Virology 52, 70-

78, (2011). 

266 Hurt, A. C., Lowther, S., Middleton, D. & Barr, I. G. Assessing the 

development of oseltamivir and zanamivir resistance in A(H5N1) influenza 

viruses using a ferret model. Antiviral research 87, 361-366, (2010). 

267 Das, K., Aramini, J. M., Ma, L. C., Krug, R. M. & Arnold, E. Structures of 

influenza A proteins and insights into antiviral drug targets. Nature structural 

& molecular biology 17, 530-538, (2010). 

268 Reece, P. A. Neuraminidase inhibitor resistance in influenza viruses. Journal 

of medical virology 79, 1577-1586, (2007). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   78	  

269 Ferraris, O. & Lina, B. Mutations of neuraminidase implicated in 

neuraminidase inhibitors resistance. Journal of clinical virology : the official 

publication of the Pan American Society for Clinical Virology 41, 13-19, 

(2008). 

270 Nicholls, J. M., Chan, R. W., Russell, R. J., Air, G. M. & Peiris, J. S. Evolving 

complexities of influenza virus and its receptors. Trends in microbiology 16, 

149-157, (2008). 

271 Gambaryan, A. et al. Evolution of the receptor binding phenotype of influenza 

A (H5) viruses. Virology 344, 432-438, (2006). 

272 Rogers, G. N. & Paulson, J. C. Receptor determinants of human and animal 

influenza virus isolates: differences in receptor specificity of the H3 

hemagglutinin based on species of origin. Virology 127, 361-373 (1983). 

273 Stevens, J. et al. Glycan microarray analysis of the hemagglutinins from 

modern and pandemic influenza viruses reveals different receptor specificities. 

Journal of molecular biology 355, 1143-1155, (2006). 

274 Matrosovich, M. et al. Early alterations of the receptor-binding properties of 

H1, H2, and H3 avian influenza virus hemagglutinins after their introduction 

into mammals. Journal of virology 74, 8502-8512 (2000). 

275 Shinya, K. et al. Avian flu: influenza virus receptors in the human airway. 

Nature 440, 435-436, (2006). 

276 Gambaryan, A., Webster, R. & Matrosovich, M. Differences between 

influenza virus receptors on target cells of duck and chicken. Archives of 

virology 147, 1197-1208, (2002). 

277 Kimble, B., Nieto, G. R. & Perez, D. R. Characterization of influenza virus 

sialic acid receptors in minor poultry species. Virology journal 7, 365, (2010). 



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   79	  

278 Yu, J. E. et al. Expression patterns of influenza virus receptors in the 

respiratory tracts of four species of poultry. Journal of veterinary science 12, 

7-13 (2011). 

279 Wan, H. & Perez, D. R. Quail carry sialic acid receptors compatible with 

binding of avian and human influenza viruses. Virology 346, 278-286, (2006). 

280 Yamada, S. et al. Adaptation of a duck influenza A virus in quail. Journal of 

virology 86, 1411-1420, (2012). 

281 Matrosovich, M. N., Krauss, S. & Webster, R. G. H9N2 influenza A viruses 

from poultry in Asia have human virus-like receptor specificity. Virology 281, 

156-162, (2001). 

282 Ito, T. et al. Receptor specificity of influenza A viruses correlates with the 

agglutination of erythrocytes from different animal species. Virology 227, 

493-499, (1997). 

283 Suzuki, Y. et al. Human influenza A virus hemagglutinin distinguishes 

sialyloligosaccharides in membrane-associated gangliosides as its receptor 

which mediates the adsorption and fusion processes of virus infection. 

Specificity for oligosaccharides and sialic acids and the sequence to which 

sialic acid is attached. The Journal of biological chemistry 261, 17057-17061 

(1986). 

284 Gambaryan, A. S. et al. Receptor-binding properties of swine influenza 

viruses isolated and propagated in MDCK cells. Virus research 114, 15-22, 

(2005). 

285 Takemae, N. et al. Alterations in receptor-binding properties of swine 

influenza viruses of the H1 subtype after isolation in embryonated chicken 

eggs. The Journal of general virology 91, 938-948, (2010).



	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 

	   80	  

 

286 Masuda, H. et al. Substitution of amino acid residue in influenza A virus 

hemagglutinin affects recognition of sialyl-oligosaccharides containing N-

glycolylneuraminic acid. FEBS letters 464, 71-74 (1999). 

287 Xu, G. et al. Sialidase of swine influenza A viruses: variation of the 

recognition specificities for sialyl linkages and for the molecular species of 

sialic acid with the year of isolation. Glycoconjugate journal 12, 156-161 

(1995). 

288 Takahashi, T. et al. Identification of amino acid residues of influenza A virus 

H3 HA contributing to the recognition of molecular species of sialic acid. 

FEBS letters 583, 3171-3174, (2009). 

289 Kobasa, D. et al. Amino acid residues contributing to the substrate specificity 

of the influenza A virus neuraminidase. Journal of virology 73, 6743-6751 

(1999)



                                                                                                                           Chapter 2 

	   81	  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2: ROLE OF 

DISTINCT HOST SIALIC  

ACID GLYCANS IN  

INFLUENZA A VIRUS 

 



                                                                                                                           Chapter 2 

	   82	  

CHAPTER 2: ROLE OF DISTINCT HOST SIALIC ACIDS IN  

INFLUENZA A VIRUS 

 

2.1 Chapter 2 Preview 

 

For over 80 years since the domestic ferret (Mustela putorius furo) was first infected 

with human influenzae A virus strain in 19331, it has been the dominant and ideal 

animal model system which has proved crucial in the advancement of influenza A 

research. All influenza A virus strains to date have been subtyped on the basis of their 

viral glycoproteins haemagglutinin (HA) and neuraminidase (NA) with the use of 

ferret sera. Efficacy of potential influenza A vaccines are frequently tested on ferrets2. 

 

There are various influenza animal models namely the guinea pig, hamster, chinchilla, 

hedgehog, chicken, mice and primates but compared to the ferret, suffer from various 

crucial shortcomings which make them less than ideal for researching human viral 

strains3 4.  The biggest advantages of ferrets as the ideal influenza animal model are: 

its natural susceptibility to various unadapted human and animal isolates (eg. avian 

and swine), the exhibition of clinical symptoms similar to humans (fever, lethargy, 

sneezing, nasal congestion and discharge), being able to be infected by 

transmissibility through air and physical contact, the similarity of its respiratory 

physiological structure to humans and lastly, the primary area of infection in the 

upper respiratory tract which is similar to humans3 4 5 6. The biggest disadvantage of 

using ferrets is the huge financial cost of maintenance and the construction of proper 

facilities to house them. This high financial cost makes it prohibitive to conduct 

experiments using a large subset of animals, which could lead to false positive results.  
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In the face of the ever-present threat of the emergence of new, potentially pandemic 

influenza A virus strains, it is crucial that we have a greater understanding of this 

model system, in particular, the molecular interactions that explain why ferrets so 

uniquely mimic human susceptibility, severity and transmission of influenza A virus 

strains. Sialic acid is the essential component of influenza A virus receptors and plays 

a crucial role in the HA and NA glycoprotein recognition during infection7. Sialic 

acids in particular Neu5Ac and Neu5Gc predominantly decorate the cell surface of 

virtually all vertebrates but has been found to be the exception in a few species of 

birds (ducks), chickens, reptiles8 and most significantly, in humans owing to a 

mutation in the CMP-Neu5Ac hydroxylase gene (CMAH)9. Neu5Gc is not 

synthesized in humans but can be often be found in cancer tissues10 11. 

 

Due to the fundamental importance of sialic acid carbohydrates in virtually every 

aspect of cell biology and in many disease states, including infectious diseases and 

cancer, the exclusive expression of Neu5Ac in humans represents a fundamental 

biological difference between humans and other mammals. In the context of this 

thesis and study, the susceptibility of ferrets to human specific viral strains associated 

with similar sialic acid content was investigated. 

 

This study presents a detailed biochemical, genetic and genomic study that shows 

ferrets have a large deletion that has inactivated the CMAH gene, and, like humans, 

they only express sialic acid Neu5Ac. The presence of sialic acid was first tested on 

commercially available animal serum, which was confirmed with Western blot 

utilizing lectin SNA. Sialic acids Neu5Ac and Neu5Gc from serum samples were 

quantitated using HPLC with amperometric detection.  Results from both experiments 
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clearly indicate no Neu5Gc being detected in ferret. Immunofluorescence labeling of 

ferret tissue samples with SubAB toxin that binds to Neu5Gc, further confirms the 

absence of Neu5Gc. To genetically prove the absence of Neu5Gc, primers were 

designed in FAM65B and SCGN conserved regions flanking the CMAH gene to 

amplify up PCR products to be used as probes to screen a ferret genomic library. 

Bacterial artificial chromosome (BAC) clones were identified and sequenced using 

SMRT technology. The sequence obtained spans the CMAH gene and analysis reveals 

a deletion in the first 9 exons of this gene confirming a mutation similarly observed in 

the human CMAH gene. We then expanded the molecular analysis for CMAH 

deletion to other closely related members to the ferret in the Mustelidae family of the 

Musteloidea order, as well as various other members in the Arctoidea linageas in the 

Carnivora order such as the Pinnipedia and Ursidea families, to investigate the extent 

of the CMAH mutation and estimate the time period when the mutation had occurred. 

Primers were designed in regions of the most highly conserved exons and PCR was 

performed on various samples of the Carnivora family. Results show that not only is 

the CMAH gene mutation widespread in the Mustelidae family but is also observed in 

the sister taxa of Pinnipedia. Ursus americanus from the Urisdea family had an intact 

CMAH gene but the gene was found to be deleted in samples from the Mustelidae and 

Pinnipedia families. It is estimated that the CMAH mutation might have occurred 

approximately 44 MYA ago during the splitting of the Arctoidea lineages since the 

Pinnipedia and Mustelidae have been proposed to have shared a common ancestor 

separate from Ursidea.12. 

 

The field of viral strain transmission within certain hosts has been dominated by type 

of linkage between the terminal sialic acid (SA) and the penultimate galactose in the 
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receptor structure: SAα2,6Gal or SAα2,3Gal13 14 15. To a certain extent, the sialic acid 

type of the host, Neu5Ac or Neu5Gc, in influencing infection of certain influenza 

strains has been shown but not concluded, to have a role in viral strains infecting 

certain hosts 16 17 18 19. The difference in the type of SA expressed on human and other 

mammalian cells has been noted and investigated to a limited extent, and has been 

suggested as a factor in influenza A virus host tropism, but is not regarded to be as 

important or conclusive as the type of linkage, SAα2,3 or SAα2,6 to influence 

infection. Prompted by our discovery that both ferrets and human express only 

Neu5Ac, we conducted a detailed molecular analysis using STD-NMR and surface 

plasmon resonance (SPR) to compare direct molecular interactions between whole 

influenza A virus and Neu5Gc- and Neu5Ac-terminated receptor structures. The 

results obtained demonstrate and further confirms data from prior studies that the type 

of SA is a crucial factor in influenza A virus receptor interactions.  

 

Our discovery that the human CMAH mutation is shared by ferrets, and the 

consequences for this dominant model system of influenza A virus host range, 

transmission and severity represents a seminal finding. Moreover, the “foreign” sugar 

Neu5Gc is an emerging factor in several aspects of human disease. It is a xeno-

autoantigen implicated in chronic inflammation and cancer20. Furthermore, Neu5Gc is 

a structural component of many tumor antigens11. Our discovery of the CMAH 

mutation in ferrets indicates the potential for wide interest in the use of this natural, 

model organism for human disease in these emerging fields.  
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2.4 Ferrets exclusively synthesize Neu5Ac and express naturally humanized 

influenza A virus receptors . 
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ABSTRACT 

Mammals express the sialic acids N-acetylneuraminic acid (Neu5Ac) and N-

glycolylneuraminic acid (Neu5Gc) on cell surfaces that act as receptors for 

pathogens, including influenza A virus (IAV). Neu5Gc is synthesized from 

Neu5Ac by the enzyme cytidine monophosphate-N-acetylneuraminic acid 

hydroxylase. In humans, this enzyme is inactive and only Neu5Ac is produced. 

Ferrets are susceptible to human-adapted IAV strains and have been the 

dominant animal model for IAV studies. Here we show that ferrets, like humans, 

do not synthesize Neu5Gc. Genomic analysis reveals an ancient, nine-exon 

deletion in ferret cytidine monophosphate-N-acetylneuraminic acid hydroxylase 

gene that is shared by the Pinnipedia and Musteloidia members of the 

Carnivora. Interactions between two human strains of IAV with the sialyllactose 

receptor, sialic acid - α2,6Gal confirm that the type of terminal sialic acid 

contributes significantly to IAV receptor specificity. Our results indicate that 

exclusive expression of Neu5Ac contributes to the susceptibility of ferrets to 

human-adapted IAV strains. 
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INTRODUCTION 

 

Influenza A virus (IAV) remains the most serious infectious disease threat to human 

health. Seasonal IAV kills 250,000-500,000 people each year worldwide. However it 

is the potential for the emergence of highly virulent pandemic IAV strains, such as the 

1918 A/H1N1 strain that killed 20-40 million people1, that illustrates the grave risk 

posed by this pathogen. IAV is a member of the family Orthomyxoviridae and has a 

negative-sense, single-stranded and segmented RNA genome. IAV antigenic diversity 

is high, with mutations accumulating during viral replication (antigenic drift) and by 

exchange of genomic material between IAVs co-infecting the same cell (antigenic 

shift). Therefore IAVs are further subtyped based on antigenic differences in the two 

membrane glycoproteins: haemagglutinin (HA) and neuraminidase (NA). HA is 

responsible for the initial attachment of the virus to the host cell membrane by 

binding to sialic acid receptors, while NA ensures	  mobility of virus in the respiratory 

tract and release of new viral progeny by its sialic acid cleavage activity2. Sequence 

variations in these proteins may alter IAV host range and virulence by changing their 

specificity for the spectrum of distinct HA3 receptor structures and NA substrates4 on 

the cells, tissues and organs of vertebrate hosts. This continual and rapid IAV 

evolution results in: the emergence of new strains from animal reservoirs to infect 

humans; the lack of protective immunity from previous IAV infections; the 

requirement for regular reformulation of IAV vaccines; and the generation of IAV 

resistance to anti-viral drugs5.  

 

Detailed study of human IAV was not possible until 1933 when it was first isolated by 

infection of ferrets (Mustela putorius furo) with nasal washings from human IAV 
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patients6. Over the past eighty years ferrets have remained the dominant model 

system7 for study of IAV due to their unique susceptibility to human IAV strains8. 

The majority of studies of IAV host species adaptation has focused on the type of 

linkage between the sialic acid and the penultimate galactose residue, SAα2,6Gal or 

SAα2,3Gal, and the distribution of these receptors in the host9,10 The susceptibility of 

ferrets for human IAV strains has been ascribed to its similar distribution of SAα2,6-

linkage receptors in the respiratory tract11. The ferret continues to serve as the key 

animal model system for IAV, including for a series of recent, high profile 

transmission studies12,13 . A complete understanding of ferret susceptibility to IAV is 

therefore essential for research on this significant human pathogen. 

 

Neu5Gc is present in most vertebrates14,15, but is absent in humans16,17 due to a 

mutation that inactivates cytidine monophosphate-N-acetylneuraminic acid 

hydroxylase (CMAH)18, the enzyme that converts CMP-Neu5Ac to Neu5Gc19. There 

is a growing recognition that the type of terminal SA also plays a role in IAV receptor 

interaction10,20.  

 

Here we show that ferrets, like humans, lack an active CMAH and do not produce 

Neu5Gc. We show that most of the ferret CMAH gene has been deleted by an ancient 

mutation shared by several other members of the order carnivora. Analysis of whole 

human IAV with fully characterized IAV receptor structures confirm the importance 

of in both HA and NA functions, and exclusive expression of Neu5Ac is a 

contributing factor to the unique suitability of ferrets as a model for human adapted 

IAV. 
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RESULTS 

Ferrets do not express Neu5Gc 

We developed the hypothesis that a contributing factor to the susceptibility of ferrets 

to human strains of IAV may be the type of sialic acid they express. To explore this 

hypothesis initial studies were conducted using serum samples from ferret and other 

species known to express either Neu5Gc or Neu5Ac14. Western blot with Neu5Gc 

specific IgY antibody reveals reactivity in murine and bovine serum, but not human 

or ferret samples (Fig. 1A). Western blots of samples from these species were probed 

with SNA, a lectin that does not discriminate between these two types of sialic acid 

(Fig. 1B), demonstrating that sialic acid residues are present on serum glycoproteins 

in all species. The same serum samples were analysed by HPLC to quantitate the 

amount and type of sialic acid present. Both ferret and human serum had Neu5Ac, but 

no detectable Neu5Gc, while mouse serum contained predominantly Neu5Gc (Fig. 

1C). Further investigation was conducted using cryopreserved tissue sections from 

brain, lung, kidney, liver and spleen prepared from healthy ferret and mouse. These 

sections were probed with Neu5Gc specific IgY antibody, and also with SubAB, an 

AB5 toxin with a B subunit that selectively binds Neu5Gc carbohydrate structures10,21 

. These studies revealed abundant staining of Neu5Gc in all mouse tissues using both 

methods (Fig. 1D & Supplementary Fig. 2A-G), but no staining was observed in the 

equivalent ferret tissue samples (Fig. 1D & Supplementary Fig. 2H-I). Taken together 

these data show that, like humans, ferrets do not express Neu5Gc. 

 

The ferret CMAH gene is deleted  

To determine the molecular basis for the lack of Neu5Gc expression in ferret we 

investigated the ferret CMAH gene. Synteny in the CMAH region is well conserved in 
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mammalian genomes, with the same genes present in the CMAH flanking regions of 

eukaryotes (Fig. 2A) and the ferret (Fig. 2B).  The coding sequence of CMAH is also 

well conserved. Primer sets to amplify exons from all mammalian CMAH genes were 

designed based on the most conserved exons (exons 3, 5, 8, 11 and 12; Fig 2C) All of 

the exons amplified from the carnivore species cat and dog genomic DNA. All except 

exon 3 amplified from human genomic DNA. This region corresponds to the deletion 

event that inactivated the human CMAH gene resulting in the loss of Neu5Gc 

biosynthesis18. Only exons 11 and 12 amplified from ferret DNA suggesting that there 

may be a large deletion in ferret CMAH. A ferret bacterial artificial chromosome 

(BAC) clone library was screened using probes specific for conserved regions 

flanking CMAH in related carnivore genomes (Fig. 2B), resulting in the isolation of 

BAC clone 182P23. Sequence analysis of this clone facilitated design of a probe that 

was used to isolate BAC clone 446P7. These two BAC clones were sequenced using 

single molecule real time (SMRT) sequencing technology resulting in two complete 

sequences that overlapped and covered the entire CMAH region. Sequence analysis 

identified a large deletion that results in loss of the first 9 coding sequence exons of 

CMAH in the ferret genome, and multiple stop mutations in exon 11. The deletion is 

consistent with the exon PCR amplification data (Fig. 2C). Primers were designed at 

the boundaries of the deleted region and used in PCR to confirm that the deletion 

exists in independent individual ferrets. Recent data available from the Broad ferret 

genome project (http://www.broadinstitute.org/annotation/genome/ferret, accessed 9th 

July 2014) are consistent with data presented here, but do not currently annotate the 

CMAH deletion. We conclude that the lack of Neu5Gc expression in ferrets is due to 

deletion of the majority of the CMAH gene.  
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The ferret CMAH deletion is an ancient mutation 

 In order to determine the evolutionary origin of the CMAH deletion event in ferret, 

we used the same CMAH exon primer set to examine genomic DNA from fifteen 

Mustelidae species selected to cover all genera. All showed the same profile as ferret 

(Supplementary Figs 3A, B, C), suggesting that the CMAH deletion event occurred 

prior to the divergence of the Pinnipedia and Musteloidea lineages. The analysis was 

then widened to include the other members of the Arctoid lineages, Ursidae and 

Pinnipedia22, and revealed that all members of the Pinnipedia tested also shared the 

same CMAH deletion as the Musteloids. The Ursidae species Ursus americanus 

(American black bear) contained all CMAH exons tested (Supplementary Figs 3B,D) 

as did Urocyon cinereoargenteus (grey fox), which is the basal species of the Canidae 

family23. We propose that the CMAH mutation occurred in the infraorder Arctoidea 

after divergence of the Ursidea from the Pinnipedia and Musteloidea lineages, dating 

the mutation to between 38 and 40 million years ago24. Our data are consistent with 

and support studies that propose that the Ursidea descended from an Arctoid ancestor 

separate from Pinnipedia and Musteloidea24,25 . The absence of Neu5Gc expression 

has also been observed in chickens26, reptiles14, various species of birds14 (with the 

exception of ducks27), the platypus14, in western dog breeds28,29 , and recently in new 

world monkeys30. An inactive CMAH allele results in loss of CMAH expression that 

generates blood group antigen differences in cats31,32. It has been proposed that the 

loss of Neu5Gc expression in humans may have resulted from selective pressure from 

pathogens that utilize sialic acid containing receptors33,34,35. Our finding that two 

major families of carnivores also lack Neu5Gc expression, and that this event 

preceded the human CMAH mutation, which occurred only ~3 million years ago34, 

suggests that this selective pressure has been present throughout evolutionary history 
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of vertebrates. This finding is also consistent with the hypothesis that inactivation of 

CMAH is a crucial speciation event as this mutation may generate reproductive 

incompatibility36.  

 

Terminal sialic acid type and linkage affect IAV interactions.  

To a large extent IAV host range has been seen through the prism of IAV receptor 

type and distribution in the host. The location of these receptors in host organs and 

tissues dictate the type of pathology. Sialic acid receptor recognition by both HA and 

NA play an important role in maintaining a balance for successful infection37,38 . In 

addition to the linkage type, that is SAα2,3Gal or SAα2,6Gal, the type of sialic acid 

has also been suggested to have a influence in IAV host range39. This is supported by 

erythrocyte agglutination assays using RBCs expressing distinct SA types40,41,42, IAV 

binding assays with Neu5Ac or NeuGc receptors43,44,45 , determination of sialic acid 

cleavage rates with Neu5Ac or NeuGc receptors46, amino acid modifications of HA47, 

and NA4. A fundamental difference between non-Neu5Gc expressing IAV hosts such 

as human and ferret, and the Neu5Gc expressing IAV reservoirs such as pig and duck, 

is that the latter two species express both, Neu5Gc and Neu5Ac terminated receptors.  

Selective pressure for adaptation in humans is therefore restricted to Neu5Ac 

receptor, however, in pigs and ducks IAV can adapt to either Neu5Ac or Neu5Gc 

receptors.  

 

To determine receptor binding preference of human-adapted whole IAV and to 

resolve the relative roles of sialic acid linkage type and sialic acid species, we have 

conducted a series of Saturation Transfer Difference (STD) NMR experiments48. STD 

NMR is a versatile technique to investigate protein-ligand binding by saturating the 



                                                                                                                           Chapter 2 

	   99	  

protein resonances without effecting ligand signals. In the study presented here, STD 

NMR experiments were performed with intact influenza virus particles of two 

recently isolated human viruses (A/Perth/16/2009 H3N2 and A/California/04/2009 

pH1N1), complexed with a mixture of 6´-sialyllactose (6´SL) synthetic ligands 

terminating in Neu5Ac (6´SLAc) and Neu5Gc (6´SLGc) (Fig. 3A). We and others have 

previously reported about using STD NMR to investigate ligand binding to intact 

virions49,50,51 and virus like particles52,53,54. The results presented in this study are the 

first using whole intact influenza virus particles. In the current study, the interaction 

between HA displayed on whole IAV particles and sialyllactose ligands were 

analyzed in the presence of a low concentration of oseltamivir carboxylate (50µM; 

OC) to completely block the NA active site to prevent sialyllactose ligand binding to 

the NA and consequently sialic acid cleavage55.  

 

Figure 3B shows 1H NMR and STD NMR spectra of an equimolar mixture of 6´SLAc 

and 6´SLGc in complex with whole influenza A virus. Strong STD NMR signals for 

the 6´SLAc specific protons are observed, especially for the methyl protons of the N-

acetamido group, for both H3 and 09H1 viruses. In contrast, 6´SLGc shows only very 

weak interactions with both viruses under identical experimental conditions. For both 

virus strains (pH1N1 virus (A/California/04/2009, left panel) and H3N2 virus 

(A/Perth/16/2009, right panel)) strong STD NMR signals are observed for the protons 

of the N-acetamido group (NHAc) (6´SLAc), while the STD NMR signal intensities of 

the methylene protons (NGGc, 6´SLGc) were generally very weak. Similarly, the STD 

NMR signal intensities of the H3eq and H3ax protons are stronger for 6´SLAc 

compared to 6´SLGc (magnified at the top). The results clearly demonstrate that 

pH1N1 and H3N2 influenza A viruses show a strong preference for Neu5Ac 
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containing sialosides. To confirm that 6´SLGc has a very weak affinity to 

haemagglutinin we also conducted STD NMR experiments of 6´SLGc in the absence 

of 6´SLAc under otherwise identical experimental conditions (Fig. 2). STD NMR 

control experiments of heat-treated virus and of OC in the absence of sialosides were 

performed to affirm that all observed STD NMR signals describe specific 

haemagglutinin binding (Supplementary Fig. 3). Our NMR data with pure, fully 

characterized synthetic receptor structures confirm a profound preference for 6´SL 

terminating in Neu5Ac for two currently circulating human strains, consistent with 

adaptation of human IAV strains to Neu5Ac terminated receptors. Data mining of 

glycan array results from the Consortium for Functional Glycomics (CFG) database 

(http://www.functionalglycomics.org) also revealed preferential binding by human 

IAV HA to Neu5Ac compared to NeuGc terminating structures. Comparison of the 

binding of whole human adapted IAV strains or purified HA to glycan arrays, 

displaying sialyllactose or sialyllactosamine structures, with identical spacer 

structures, terminating in either Neu5Ac or Neu5Gc also indicate a strong preference 

for Neu5Ac terminating structures (Supplementary Figs. 8 and 9).  

 

The cleavage of four distinct sialyllactose substrates by whole influenza virus-

associated NA was followed by a time-cause 1H NMR study. Figure 3C shows 

substrate conversion of 3´SLAc, 3´SLGc, 6´SLAc, and 6´SLGc using identical virus 

preparations as used in the STD NMR experiments. Both viruses cleave α2,3-

sialosides more efficiently than α2,6-sialosides. In case of the pH1N1 virus the N-

glycolyl substrates get converted slightly faster than the N-acetyl counterparts of the 

same linkage. On the contrary, N-acetyl-containing substrates are significant better 

substrates for the neuraminidase of the H3N2 virus compared to the N-glycolyl-
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containing substrates. Both linkage type and sialic acid species contribute 

significantly towards neuraminidase specificity. For the H3N2 strain the Neu5Ac-

containing 3´SLAc and 6´SLAc are preferred over the equivalent substrate with 

Neu5Gc regardless of the linkage.  

 

DISCUSSION 

Our study reveals that ferrets are a naturally humanised model system with respect to 

IAV receptor biology. Previous studies have shown that ferrets have similar IAV 

receptors with respect to the SAα2,6-linkage56 and anatomical distribution11,. Here we 

show that ferrets, like humans, exclusively express Neu5Ac on these receptors. Our 

STD NMR analysis of whole human IAV with fully characterized IAV receptor 

structures, and NA activity assays, confirm the importance of Neu5Ac in both HA and 

NA functions. Sub-optimal interactions of human adapted IAV with Neu5Gc-

terminated viral receptors, may explain why other dominant rodent animal models 

(mouse, rabbit, rat, guinea pig) are not optimal for studies with human-adapted IAV 

strains. We conclude that exclusive expression of Neu5Ac in ferrets is a contributing 

factor to their unique suitability as a model for human adapted IAV. Recently a 

CMAH mutation has been reported in new world monkeys, and this mutation 

differentiates them from old world monkey species, which express Neu5Gc30. This 

new finding supports the importance of exclusive expression of Neu5Ac terminated 

receptors in human-adapted IAV model systems, as marmosets, a new world monkey 

species, have previously been shown to be suitable to study human-adapted IAV, 

including transmission studies, whereas, macaques, an old world monkey species, 

cannot transmit human-adapted IAV57. The implications of our discovery of the 

exclusive expression of Neu5Ac in ferrets extend beyond the influenza A virus field.  
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Ferrets may serve as natural model system for other human pathogens that utilize SA 

receptors such as rotavirus58,59, and for studies on the emerging role of the Neu5Gc 

xeno-auto-antigen60 in inflammatory61, autoimmune62,63 and neoplastic human 

disease64. 

 

METHODS 

Western blot analysis of sialic acid expression in serum 

Serum samples were purchased from commercial suppliers: ferret (Jomar Bioscience), 

human (H4522, Sigma), bovine (B8655, Sigma) and mouse (M5905, Sigma). Serum 

samples were diluted 1:10 in a 50 µl volume of 1x neuraminidase buffer (N3786, 

Sigma), +/- 1 milliunit (mIU) neuraminidase (N3786, Sigma), and incubated at 37oC 

for 3 hours before SDS-PAGE gel electrophoresis of 10 µg of each sample (NuPage 

4-12% Bis-Tris gel, Invitrogen). For detection of Neu5Gc, primary antibody (1/2000 

dilution) and blocking solution (0.5% v/v in PBS) used was supplied by Sialix 

(formerly GC-FREE Inc.) Secondary antibody used was anti-chicken IgY (IgG) 

alkaline phosphatase conjugate produced in rabbit (A9171, Sigma) at 1/10,000 

dilution. For detection of sialic acid (Neu5Ac and Neu5Gc), lectin SNA-alkaline 

phosphatase conjugate (LA-6802-1, EY Laboratories) was used at 1/1000 dilution in 

1% BSA (w/v) in PBS. All membranes were washed in 1x tris-buffered saline (TBS), 

0.05% Tween 20. Detection of bands with anti-Neu5Gc specific sera or SNA-1 that 

were present in neuraminidase (-) sample and absent in the neuraminidase (+) are 

interpreted as binding to serum proteins with glycosylations terminated with sialic 

acid. 
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Sugar analysis of serum for the detection of sialic acids 

A 20 µL subsample of the stock samples was subjected to mild acidic conditions 

using 0.1 M trifluoroacetic acid (TFA). At the end of the reaction, the sample volume 

was reduced to dryness under vacuum and the residue was reconstituted in MilliQ 

water (100 µL). The analysis was carried out using a high-performance anion-

exchange chromatograph with pulsed amperometric detection (HPAEC-PAD) fitted 

with a PA1 guard column (4 x 50 mm) connected to a CarboPac PA1 column (4 x 250 

mm) held at 30°C65. The sample (10 µL) was injected into the HPAEC-PAD and 

analysed using a basic solvent (NaOH), at a flow rate of 1 ml min-1. The analytes 

detected were quantified using external calibration66. Samples were analysed in 

triplicate and the data averaged.  

 

Immunofluorescence labeling and microscopy  

To generate cryo-preserved tissue sections, organs including brain, lung, kidneys, 

liver and spleen were removed from a healthy mouse (balb/c male; 6 weeks old) or 

ferret (male; 2 years old) deeply anaesthetized by inhalation of Halothane (NRA 

Approval No, 40398/0198, Veterinary Companies of Australia PTY LTD). 

Experiments were approved by the Animal Ethics Committees of the University of 

Adelaide and the Institute of Medical and Veterinary Science, Adelaide.   The freshly 

removed organs were embedded in OCT Tissue-Tek (Sakura, USA), snap frozen in 

isopentane (APS Finechem, Australia) cooled by dry ice.  Serial 7 µm sections were 

cut in an electronic cryotome (Thermo Electron Corporation, UK/USA).  Mouse 

blood smears were made from fresh mouse blood.  Both tissue sections and mouse 

blood smears were air dried, and stored in the airtight containers at –20°C before 

staining.   
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Cryo-preserved sections or blood smears were fixed in 4% paraformaldehyde (PFA, 

Sigma, P6148) and permeabilized by 0.1% Triton X-100.  The sections and blood 

smears were then incubated with 1 µg ml-1 SubAB (or PBS as a control) followed by 

BA nonspecific blinding blocking agent (GC-free, Inc, San Diego CA 92121 USA), 

primary antibodies (chicken anti Neu5Gc or control serum, and rabbit anti SubA) and 

secondary antibodies (goat anti chicken-alexa 488 and goat anti rabbit-alexa 594).  All 

the incubations were carried out in a humidified atmosphere in the dark at room 

temperature. The tissue sections and blood smears were then examined with 

fluorescence microscope (Olympus AX 70 or Olympus IX-70) and the digital images 

were taken with Precision Digital Imaging System (V++, Digital Optics Limited, 

Auckland, New Zealand) or Metamorph software program (version 6.3r7; Molecular 

Devices). 

 

Isolation of ferret CMAH region BAC clones  

Comparison of regions shown in Figure 2A was performed using genome sequences 

for mouse (accession code NC_000079.6), human (NC_000006.12) and cat 

(NC_018727.1) respectively. Outer probes indicated on Figure 1B (sequences 

numbered as in GenBank accession codes KJ027518 and KJ027519) were designed in 

conserved regions flanking CMAH that were 100% homologous to other vertebrate 

species. These regions were amplified with primers (Supplementary. Table 1) using 

ferret DNA (Zyagen GF-180) as template using Go-Taq polymerase (Promega, 

M8291). PCR product was purified (Qiagen PCR Purification Kit, 28106) and 

sequenced using BigDye v3.1 (AB Biosystems). To label the probes, digoxigenin 

(DIG) labeled versions of the respective forward primer (FOR) used in conjunction 

with non-labeled reverse (REV) primer for each probe were used amplify up DIG-
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labeled PCR product to be used as a probe for screening of a ferret bacterial artificial 

chromosome library (CHORI 237 BAC) ordered from the Children's Hospital 

Oakland Research Institute (CHORI). PCR product was pooled, purified and 

quantitated prior to being used as probe. The ferret BAC library was screened using 3 

µg of DNA probe. Membrane prehybridization and hybridization steps were done 

according to Sambrook (Cold Spring Harbour, USA)67. Development of membrane 

was done using the Roche DIG Kit as per manufacturer’s instructions (Cat no. 11 745 

832 910). 

 

BAC DNA was extracted from positive clones using DNA PhasePrep BAC DNA Kit 

(Sigma, NA 0100). The BAC library was made in vector pBACGK1.1 and end 

sequenced with T7 and SP6 universal primers and Sanger sequencing using BigDye 

v3.1 (Applied Biosystems, 4336917). Selected clones were also sequenced by 

IonTorrent. 1 µg BAC DNA was fragmented to ~200-300bp using a Covaris S2 

ultrasonicator.  Fragment libraries suitable for sequencing on the IonTorrent PGM 

were generated using the IonXpress Fragment library kit as per the manufacturer’s 

instructions (Life Technologies, Beverley, USA), and a single 314-chip of sequencing 

data generated for each BAC.  Raw sequencing reads were trimmed for quality, reads 

mapping to either E. coli Dh10B or the BACX backbone were removed, and a de 

novo assembly was generated using CLC genomics workbench (CLC bio, Denmark).  

De novo contigs were mapped and visualized against the Domestic Cat (Felis catus) 

genome using BLAT and the UCSC genome browser (http://genome.ucsc.edu/cgi-‐

bin/hgGateway?org=Cat&db=felCat4). The contigs were used to aid the design of 

further probes for rescreening of the BAC library to isolate clones encompassing 

CMAH and flanking regions (clones RE14 and 182P23; sequences included in 
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GenBank accession code KJ027519). Final, contiguous, complete sequences of 

selected BAC clones covering the CMAH were achieved using SMRT sequencing. 

Briefly, BAC clone DNA was sent to Yale Center for Genome Analysis (YCGA). 

SMRTbell libraries were prepared as previously described according to the 

manufacturers instructions (PacBio, CA, USA). Sequencing was carried out on the 

PacBio RS II (PacBio, CA, USA) using standard protocols for long insert libraries 

and de novo assembled using Hierarchical Genome Assembly Process (HGAP) 

software (PacBio, CA, USA). 

 

PCR analysis of CMAH deletion region in mammalian species. 

PCR primers CMAH_FOR and CMAH_REV were designed to span the entire deleted 

region of ferret CMAH (see accession code JX036482 for primer sequences). These 

primers amplify a 7kb PCR product from ferret genomic DNA (Zyagen, CA). Primer 

walking and Sanger sequencing using BigDye v3.1 and BigDye v1.1 and deaza dGTP 

(Applied Biosystems) were used in combination to determine the sequence of this 

repeat-rich 7kb region of the ferret genome (the sequence has been deposited in the 

GenBank database with accession code JX036482). The same sequencing process was 

used to sequence the fragment from a second, independent ferret sample. DNA from 

this second ferret sample was extracted (DNeasy Blood and Tissue Kit, Qiagen) from 

ferret kidney tissue provided by the Institute of Medical and Veterinary Science 

(IMVS), Adelaide, SA, Australia. Animal tissue for various members of the 

Mustelidae family (Supplementary Table 3) was obtained from the Burke Museum of 

Natural History and Culture, University of Washington. Genomic DNA from the 

tissues were isolated as per manufacturer’s instructions (DNeasy Blood and Tissue 

Kit, Qiagen). DNA obtained was quantitated using a nanodrop (NANODROP 2000, 
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Thermo Scientific) and 10 ng of DNA was used in PCR reactions. CMAH exon PCR 

products were amplified using Go-Taq polymerase, purified (Qiagen PCR 

Purification Kit, 28106) and sequenced for verification as before. DNA samples were 

run on a 3% agarose gel stained with 5% (v/v) ethidium bromide (Sigma).  

 

CMAH exon primers were designed for the most highly conserved exons in the 

CMAH gene (Supplementary Table 2). Such regions were determined through the 

alignment of the coding domain sequence (CDS) of the CMAH mRNA for several 

eukaryotes such as: cat (accession codes EF127684.1 and NM_001244985.1), human 

(FJ794466.1), mouse (NM_007717.5, NM_001111110.2, NM_001284519.1, 

NM_001284520.1), rat (NM_001024273.1), maccaca monkey (NM_001032856.1), 

chimpanzee (NM_001009041.1) and wild pig (NM_001113015.1). mRNA sequences 

were aligned using the ClustalW alignment tool in MacVector (ver. 11.0.2, 

MacVector Inc.). Highly conserved regions were identified in exon 3, exon 5, exon 8, 

exon 11 and exon 12 of the CMAH gene. Primers were designed to be at least 18 

nucleotides long, with a minimum annealing temperature of 50oC and allowed to 

contain only a single nucleotide change per organism. All primers were ordered and 

made by Sigma (see Supplementary Table 2 for primer sequences). PCR products 

generated were sequenced to confirm the intended exons were amplified from each 

animal sample. Genomic DNA of cat (GC-130F), dog (GD-150F) and human (GH-

180F) used as PCR controls were purchased from Zyagen.  

 

Propagation and purification of Influenza A virus.  

Adherent Madin Darby canine kidney (MDCK) cells were obtained from the WHO 

Collaborating Centre for Reference and Research on Influenza (VIDRL, Melbourne). 
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Cells were grown in Eagle´s minimum essential medium (EMEM) supplemented with 

1% Penicillin/streptomycin, 1% GlutaMAX, and 10% FCS at 37 °C. Human influenza 

strains A/Perth/16/2009 (H3N2) and A/California/04/2009 (pH1N1), also obtained 

from the VIDRL, were passed in MDCK cells in EMEM (1% GlutaMAX) containing 

low levels of TPCK trypsin (1 µg ml-1) to facilitate infection of cells. The viral 

supernatant was harvested after 48 hours and concentrated by PEG precipation over 

night at 4°C. Standard sucrose density centrifugation was implemented to purify the 

resuspended PEG-precipitated virus according to routine procedures68. The purified 

virus was inactivated by 20 minutes exposure to UV-light and subsequently buffer 

exchanged to 20 mM deuterated phosphate buffer pH 7.1 and 70 mM NaCl. 

 

MUN neuraminidase inhibition assay.  

Inhibition of influenza A virus neuraminidase was quantitatively assessed using the 

fluorescent substrate 4-methylumbelliferyl N-acetyl-α-D-neuraminic acid (MUN, 

Sigma-Aldrich)69,70,71. The 10 µL reaction mixture containing 0.1 mM MUN, 1 µM 

oseltamivir carboxylate (OC), and 1 µL of the purified UV-inactivated virus in 

reaction buffer (50 mM sodium acetate, 6 mM CaCl2, pH 5.5) was prepared in a 

black 96-well plate on ice. Different dilutions of virus in triplicate were analysed to 

identify the highest virus concentration which is still completely inhibited by 1 µM 

OC. The reaction was incubated at 37 °C with 900 rpm shaking for 20 min and then 

stopped by adding 0.25 M glycine pH 10.  

 

1H NMR-based neuraminidase activity assay.  

All enzyme reactions were performed at 310 K in 20 mM sodium acetate buffer 

containing 6 mM CaCl2, pH 5.5, the optimal pH for neuraminidase activity. In a 
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standard 1H NMR experiment, a spectrum of each individual reaction mixture 

containing 1 mM of one of the four sialyllactose substrates (3´SLAc, 3´SLGc, 6´SLAc, 

and 6´SLGc) was acquired at t = 0 min. After addition of purified UV-inactivated virus  

(A/California/04/2009 pH1N1, A/Perth/16/2009 H3N2) 1H NMR spectra were 

recorded every 30 seconds over a total time of 20 min with 8 numbers of scans. 

Substrate conversions could be calculated based on the decrease of the absolute peak 

intensities of the sialyllactose H3eq-signals. Field variations, differences in baseline 

correction and background noise have been taken into consideration by applying an 

error of +/- 7.5% to the obtained rates. 

 

Similarly the neuraminidase activity of pH1N1 and H3N2 purified virus samples was 

measured with a substrate mixture of 1 mM 3´SLAc, 3´SLGc, 6´SLAc, and 6´SLGc in the 

absence and presence of 50 µM OC at 310 K. The virus concentration was identical as 

in STD NMR experiments to ensure a complete blocking of the neuraminidase´s 

active site under STD NMR conditions.  

 

STD NMR experiments.  

All STD NMR spectra were acquired in Shigemi Tubes (Shigemi) with a Bruker 600 

MHz Avance spectrometer at 283 K using 1H/13C/15N gradient cryoprobe equipped 

with z-gradients and a STD NMR setup similar to previous experiments using whole 

rotavirus particles72,73. The virus was saturated on resonance at -1.0 ppm and off-

resonance at 300 ppm with a cascade of 60 selective Gaussian-shaped pulses of 50 

milliseconds duration. A 100 µs delay between each pulse was applied, resulting in a 

total saturation time of 3 seconds. A relaxation delay of 4 seconds was used. A total 

of 1024 scans per STD NMR experiment were acquired and a WATERGATE 
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sequence was used to suppress the residual HDO signal. Spin-lock filter with 5 kHz 

strength and duration of 10 milliseconds was applied to suppress protein background. 

Substrate concentrations of 2 mM for 3´SLAc, 3´SLGc, 6´SLAc, and 6´SLGc were used 

in all STD NMR setups in the presence of 50 µM oseltamivir carboxylate (OC). OC 

was preincubated with the virus for 10 min at RT before adding the various substrates. 

Control STD NMR experiments were performed with an identical experimental setup 

of virus with 50 µM OC but in the absence of the sialyllactose ligands to exclude any 

potential STD NMR signals derived from OC binding to neuraminidase. For a second 

control experiment the virus sample was incubated at 70 °C for 20 minutes prior to 

the STD NMR experiment to identify any unspecific binding of the sialyllactose 

substrates to the virus particle. 

 

Data mining of publically available glycan array experiments using IAV.  

Immunofluorescence values were extracted from CFG array experiments 

(http://www.functionalglycomics.org/, accessed 15th October 2012) in which common 

sialyl-lactose or sialyl-lactosamine structures, and common linkages were present that 

were terminated with either Neu5Ac or Neu5Gc. These structures include 3`SL 

(Siaα2-3Galβ1-4Glcβ-Sp0), 3`SLN (Siaα2-3Galβ1-4GlcNAcβ-Sp0) and 6`SLN 

(Siaα2-6Galβ1-4GlcNAcβ-Sp0), where Sia can be either Neu5Ac or Neu5Gc. Data 

compared is from whole virus and hemagglutanin. No data was available for 

neuraminidase.  
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FIGURE LEGENDS 

Main Figures 

Figure 1. Analysis of sialic acid in ferret and other mammalian species. (A) 

Western blot analysis showing the absence/presence of Neu5Gc in serum samples (10 

µg) when tested with anti-Neu5Gc antibody. (B) Western blot analysis of serum 

samples when tested with sialic acid specific lectin, SNA (C) Sugar analysis showing 

amount of Neu5Ac and Neu5Gc in serum samples. (D) Double immunostaining of 

Neu5Gc in mouse and ferret kidney tissue using chicken anti-Neu5Gc (Neu5Gc 

panels) and SubAB overlay followed by rabbit anti-SubA (SubAB panels). In Panels 

A and B,  F = ferret, H = human, B = bovine, M = mouse serum respectively; +/- 

represent samples with or without neuraminidase treatment. (see Supplementary Fig. 

1 for full western blot images). 

 

Figure 2 Genomic analysis of a deleted region in ferret CMAH gene responsible 

for the absence of Neu5Gc in both ferrets and humans. (A) Synteny in the CMAH 

region of mouse, human and cat genomes. (B) Representation of the CMAH region of 

the ferret genome characterized in this study. Black bars represent region spanned by 

BAC clones 466P7 and 182P23. Blue bar indicate location of probes used in 

screening BAC library. Arrows indicate position of primers used to amplify PCR 

product spanning the CMAH deletion region. (C) Comparison of the CMAH region in 

cat and ferret genomes. 7 Kb PCR product containing CMAH deleted region was 

amplified using primers CMAH_FOR and CMAH_REV respectively. (*) indicates 

the start of the CMAH gene, (**) indicates individual exon(s) on CMAH gene, and 

(***) indicates the end of the CMAH gene. Images below show CMAH exon PCR 



                                                                                                                           Chapter 2 

	   124	  

products from exon 3, exon 5, exon 8, exon 11 and exon 12, from cat (C), dog (D), 

human (H) and ferret (F) genomic DNA. 

 

Figure 3 Molecular analysis demonstrating the importance of SA type on HA 

and NA specificty. (A) Chemical structures of SAα2,3Gal and SAα2,6Gal in which 

SA is either Neu5Ac (3´SLAc, 6´SLAc) or Neu5Gc (3´SLGc, 6´SLGc). (B) 

Haemagglutinin receptor specificity of human influenza A viruses pH1N1 and H3N2. 

1H NMR (bottom row) and STD NMR (above) spectra were obtained of an equimolar 

mixture of 2 mM 6´SLAc (Neu5Acα2,6Galβ1,4Glc) and 6´SLGc 

(Neu5Gcα2,6Galβ1,4Glc) with pH1N1 virus (A/California/04/2009, left panel) and 

H3N2 virus (A/Perth/16/2009, right panel), respectively. All NMR samples also 

contained a low concentration of oseltamivir carboxylate (50 µM, OC), a very potent 

nanomolar inhibitor of the viral neuraminidase to inhibit sialic acid cleavage (see 

Supplementary Fig 1). Shown are only the axial and equatorial H3 protons (H3ax, 

H3eq) and the N-acetamido methyl (NHAc) and methylene (NHGc) protons of the 

sialic acid moiety that are clearly distinguishable between 6´SLAc and 6´SLGc. The 

entire spectra are shown in Supplementary Fig. 2. (C). Neuraminidase substrate 

specificity of human influenza A viruses pH1N1 and H3N2. 1H NMR spectroscopy 

was employed to follow the cleavage of sialosides (6´SLAc; 6´SLGc; 3´SLAc; 3´SLGc.) 

upon addition of pH1N1 virus (A/California/04/2009, left panel) and H3N2 virus 

(A/Perth/16/2009, right panel), respectively. The conversion rate was calculated using 

the absolute peak intensities of the sialyllactose H3eq-signals (± 7.5% error) based on 

substrate depletion by a successive series of 1H NMR spectra over 20 minutes at 37 

°C (Supplementary Fig. 4).	  
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Figure 1 
 

 



                                                                                                                           Chapter 2 

	   126	  

 
Figure 2: Panel A and B 
 
 

 
 
 
Figure 2: Panel C 
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Figure 3 
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SUPPLEMENTARY INFORMATION 
 
Supplementary Figure 1 
 

 
 
 
Supplementary Figure 1: Western Blot results showing the absence and presence 
of Neu5Gc in several selected eukaryotic organisms. (*) represents blot region 
shown in Figure 2. (A) Coomassie staining results. (B) Western blot tested with 
lectin SNA. (C) Western blot tested with anti-Neu5Gc antibody (Gc-Free). (D) 
Western blot tested with Neu5Gc control antibody (Gc-Free). 
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Supplementary Figure 2: Panel A 
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Supplementary Figure 2: Panel B 
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Supplementary Figure 2: Panel C 
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Supplementary Figure 2: Panel D 
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Supplementary Figure 2: Panel E 
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Supplementary Figure 2: Panel F 
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Supplementary Figure 2: Panel G 
 

 
 
 
 
 
 
 
 
 



                                                                                                                           Chapter 2 

	   136	  

Supplementary Figure 2: Panel H 
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Supplementary Figure 2: Panel I 
 

 
 
Supplementary Figure 2: Immunofluorescence images showing SubAB and anti-
Neu5Gc binding sites, respectively, detected in mouse and ferret tissues as 
labelled (A) mouse blood, bold arrows: polymorph nuclear cells; arrows: platelets (B) 
mouse brain, bold arrows: small blood vessels; arrows/arrowheads: capillaries 
(sagittal/transverse planes) (C) mouse lung, bold arrows: small blood vessels; arrows: 
alveolar epithelial cells; arrowheads: capillaries (D) mouse kidney, bold arrows: 
glomeruli; arrows: renal tubular epithelial cells (E) mouse liver, arrows: liver 
sinusoidal endothelial cells (F) mouse spleen, dotted line circles: spleen white pulps; 
arrows: a red pulp area; scale bars: 400 µm (G) mouse organ summary (H) ferret 
tissue Neu5Gc (I) ferret tissue SubAB. 
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Supplementary Figure 3: Panel A 
 

 
 
 
 
 
 
Supplementary Figure 3. CMAH exon PCR analysis of various of the carnivora 
(A): CMAH exon PCR reactions of exon 3 (80 bp), exon 5 (180 bp), exon 8 (110 bp), 
exon 11 (92 bp) and exon 12 (82 bp) for cat (C), dog (D), human (H) and ferret (F) 
and a range of eukaryotes ranging from several different subfamilies in the 
Mustelidae family respectively #1 - #11 listed in supplementary Table 3; #1 – Gulo 
gulo (Wolverine), #2 – Martes americana (American marten)  #3 – Martes pennant 
(Fisher), #4 – Mephitis mephitis (Striped skunk), #5 – Mustela ermine (Stoat), #6 – 
Mustela frenata (Long tailed weasel), #7 – Mustela nivalis (Least weasel), #8 – 
Mustela putorius (European polecat), #9 – Mustela vison (American mink), #10 – 
Procyon lotor (Raccoon), #11 – Taxidea taxus (American badger). Samples #12 – 
Urocyon cinereoargenteus (Gray fox)  and #13 – Vulpes vulpes (Red fox) are samples 
from the Canidae family. 
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Supplementary Figure 3: Panel B 
 

 
 
Supplementary Figure 3 (B): CMAH exon PCR reactions of exon 3 (80 bp), exon 5 
(180 bp), exon 8 (110 bp), exon 11 (92 bp) and exon 12 (82 bp) for cat (C), dog (D), 
human (H) and ferret (F) conducted on extra eukaryotes from the Mustelidae family 
and including other families of the Caniformia taxa #14 - #20 listed in supplementary 
Table 3; #14 – Ailurus fulgens (Red panda), #15 – Enhydra lutis (Sea otter), #16 – 
Eumetopias jubatus (Stellar sea lion), #17 – Lontra canadensis (North American sea 
otter), #18 – Mustela sibirica (Siberian weasel), #19 – Phoca vitulina (Harbor seal), 
#20 – Ursus americanus (American black bear). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                                                                                           Chapter 2 

	   140	  

Supplementary Figure 3: Panel C 
 

 
 
 
Supplementary Figure 3 (C): Detailed schematic diagram highlighting the 
phylogeny relationships of the Musteloidea with its respective lineages; Mustelidae, 
Procyonidae, Ailuridae and Mephitidae. Samples marked with a dot denote samples 
tested in this study.  The magenta dot indicates the CMAH found to have the same 
apparent deletion as ferret CMAH. Note that Mustela frenata (JEB1645) is not 
represented in the diagram and belongs to the Mustelinae subfamily of Mustelidae. 
Diagram is modified from Sato et al. 201274. 
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Supplementary Figure 3: Panel D 
 

 
 
Supplementary Figure 3 (D): Schematic diagram highlighting the evolutionary 
relationships of the Carnivora order (mammals). Samples used in this study were 
derived from the Canidae family (Urocyon cinereoargenteus and Vulpes vulpes) and 
the three lineages of the Arctoidea line comprising of Ursidae family (Ursus 
Americanus), Pinnipedia family (Eumetopias jubatus of subfamily Phocidae, Phoca 
vitulina of subfamily Otariidae) and the Musteloidea family (Refer Supplementary 
Figure 3 (D)). Samples marked with a dot denote samples tested in this study.  The 
red dot indicates the CMAH found to have the same apparent deletion as ferret 
CMAH. Samples marked with a blue dot amplified all CMAH exons tested, and do not 
contain the extensive 9 exon deletion found in ferret. A red arrowed line indicates a 
black dot that shows the origin of the 9 exon CMAH deletion estimated to have 
occurred 38-40 MYA when the Arctoidea family spit in to the Ursidea, Pinnipedia 
and Musteloidea lineages. Symbol (#) denotes genus Felis catus, domestic cat sample 
used as a PCR control representing the Felidae family of Felimormia family. Presence 
of Neu5Gc can denote blood typing group in domestic cats. Symbol (*) denotes that 
denotes genus Canis lupus familiaris, domestic dog sample used as PCR control 
representing the Canidae family. CMAH can differentiate between different species of 
dogs from different continents. Symbol (Ψ) denotes that only the Felidae genus of the 
Feliformia branch of Carnivora was tested. Diagram is modified from Flynn et al. 
200575. 
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Supplementary Figure 4 
 

 
 
 
 
Supplementary Figure 4: Neuraminidase activity assay 1H NMR based 
neuraminidase activity assay using pH1N1 (A/California/04/2009) and H3N2 
(A/Perth/16/2009) virus with an equimolar mixture of 1 mM substrates (3´SLAc, 
3´SLGc, 6´SLAc, 6´SLGc). An identical virus concentration was used as described for 
the STD NMR experiments. The 1H NMR spectra depict the region of the equatorial 
H3 protons of β-Neu5Ac and β-Neu5Gc that are released by the neuraminidase 
cleavage reaction. Spectra were recorded without virus (0 min) and after addition of 
virus for one hour with consecutive acquisition of 1H NMR spectra every ten minutes. 
An increase in 1H NMR signal intensities indicates that the neuraminidase is active 
and thereby affirming that the virus remained intact after purification and UV-
inactivation. Under identical conditions in the presence of 50µM oseltamivir 
carboxylate no product can be detected after over night incubation at 37 °C 
demonstrating that the active site of NA is completely blocked. 
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Supplementary Figure 5 
 

	    
 
Supplementary Figure 5 Whole virus STD NMR  1H NMR (bottom panel B) and 
STD NMR (top panel A) spectra of 2 mM 6´SLGc (Neu5Gcα2,6Galβ1,4Glc) with 
influenza A viruses (A) pH1N1 (A/California/04/2009) and (B) H3N2 
(A/Perth/16/2009), respectively. The grey boxes highlight the axial and equatorial H3 
protons (H3ax, H3eq), the N-acetamido methyl (NHAc) and the methylene (NHGc) 
protons that are clearly distinguishable between 6´SLAc and 6´SLGc. Very low STD 
NMR signal intensities indicate weak affinity of pH1N1 and H3N2 influenza A 
viruses towards 6´SLGc. To obtain an equimolar ligand mixture, 2 mM 6´SLAc 

(Neu5Acα2,6Galβ1,4Glc) were added to the sample and another STD NMR (top) and 
1H NMR (below) spectra were acquired confirming strong interactions of 6´SLAc with 
both pH1N1 and H3N2 viruses as seen in Figure 1. 
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Supplementary Figure 6 
 
 

 
 
 
Supplementary Figure 6 Whole virus STD NMR  (A) 1H NMR and (B) STD NMR 
spectra of an equimolar mixture of 2 mM 6´SLAc (Neu5Acα2,6Galβ1,4Glc) and 
6´SLGc (Neu5Gcα2,6Galβ1,4Glc ) with pH1N1 virus (A/California/04/2009) in the 
presence of 50 µM oseltamivir carboxylate (OC). Shown are the axial and equatorial 
H3 protons (H3ax, H3eq) and the N-acetamido methyl (NHAc) and methylene 
glycolyl (NHGc) protons of the sialic acid moiety that are clearly distinguishable 
between 6´SLAc and 6´SLGc. A control STD NMR spectrum of 50 µM OC in complex 
with pH1N1 shows no prominent STD NMR signals (C) With low OC concentration, 
the lower copy number of neuraminidase compared to haemagglutinin on the viral 
surface shows a very high affinity of OC to neuraminidase provide very poor STD 
NMR conditions which explains why no STD NMR signals can be detected. At the 
same time, the active site of neuraminidase is effectively blocked to avoid substrate 
cleavage. In a second control experiment the virus sample was heat-treated for 20 
minutes at 70 °C and a STD NMR spectrum was obtained under otherwise identical 
NMR experimental conditions as in (B) and (D). Very weak STD NMR signals 
indicate the specificity of glycan receptor binding to the haemagglutinin of the H1N1 
virus.  
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Supplementary Figure 7 
 

 
 
 
 
 
Supplementary Figure 7: Neuraminidase activity assay 1H NMR based 
neuraminidase activity assay to determine substrate conversion rates for four 
sialosides (6´SLAc, Neu5Acα2,6Galβ1,4Glc; 6´SLGc, Neu5Gcα2,6Galβ1,4Glc; 
3´SLAc, Neu5Acα2,3Galβ1,4Glc; 3´SLGc, Neu5Gcα2,3Galβ1,4Glc ) by (A) pH1N1 
virus (A/California/04/2009, left panel) and (B) H3N2 virus (A/Perth/16/2009, right 
panel), respectively. The decline of the 1H NMR sialoside H3eq proton signals is 
directly proportional to substrate depletion and product formation of (C) pH1N1 and 
(D) H3N2. The conversion rate was therefore calculated based on the signal decline in 
a successive series of forty 1H NMR spectra over 20 minutes at 37 °C. The figure 
shows for each reaction the overlay of three 1H NMR spectra (after 0, 10 and 20 
minutes). 
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Supplementary Figure 8 
 

 
Supplementary Figure 8: Average fluorescent intensities for binding of whole 
Influenza A virus to sialyllactose structures. Data analysed from Consortium for 
Functional Glycomics website (http://www.functionalglycomics.org/, accessed 15th 
October 2012) data source showed after each sample type below.  A) H3N1 
A/Aichi/2/1968 (primscreen_2161), B) H5N1 A/Vietnam/1203/2004 
(primscreen_4912), C) H3N2 A/Swine/Minnesota/02719/09 (primscreen_3555) and 
D) H3N8 H3N8 (WT) Canine (primscreen_4155). Raw data values are tabulated.  
n=4 and the values shown are the mean ± 1 SD. 
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Supplementary Figure 9 
 

 
Supplementary Figure 9: Average fluorescent intensities for binding of 
recombinant haemagglutanin to sialyllactose structures. Data analysed from 
Consortium for Functional Glycomics website (http://www.functionalglycomics.org/, 
accessed 15th October 2012) source showed after each sample type below. A) 
Influenza A H1 haemagglutanin (A/New Caledonia/20/1999 
H1N1)(primscreen_3434), B) Influenza A H3 haemagglutanin (A/Wisconsin/67/2005 
H3N2)(primscreen_3435), C) Influenza A H5 haemagglutanin (A/Viet 
Nam/1194/2005 H5N1)(primscreen_3436), and D) Influenza A H7 haemagglutanin 
(A/Netherlands/219/2003 H7N7)(primscreen_3437). Raw data values are tabulated. 
n=4 and the values shown are the mean ± 1 SD. 
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Supplementary Tables 

Supplementary Table 1: Primers used to make probes for BAC library screening 
Primer name Primer sequence (5’ - 3’) 

FAM65B_FOR AGCCTCTTGAGGATCAG 
FAM65B_REV CAAGATGGCACAAAAG 

RE14_FOR GACCTCGGCATGAATTAGGA  
RE14_REV TTCCCAGGAACAAGCAAATC 

182P23_FOR GGAAGATTTCACGGAGTCCA 
182P23_REV CCCTGTCAAATCATGCACAC 

LRRC16_FOR TCTTCACCAGAGTCGCTAGA 
LRRC16_REV CCCTTTCTGTTTCAGTTTCA 

 
Supplementary	  Table	  2:	  CMAH	  Exon	  PCR	  Primers	  
	  

Exon  Primer name Primer sequence (5’- 3’) PCR 
Product 
size (bp) 

3 Exon3_FOR ATGCACAAAGCACAACTGGA 80 
Exon3_REV CCAGGCAGCTTCTGTCAAGA 

5 Exon5_FOR GCCTGCATGGACCTCAAG 180 
Exon5_REV TGCACTCAGACCACCTGAG 

8 Exon8_FOR TGCACCAGACCCAATGGG 110 
Exon8_REV TGACTTTCAGTGGTGGAAAATTTAC 

11 Exon11_FOR GGATTCCTGGGACTTTG 92 
Exon11_REV ATCCTGGATAAAAGAGTACTT 

12 Exon12_FOR GAAACAGATGAGGACTTCA  82 
Exon12_REV TTATCCTTTCCAAAAGAAAG  
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Supplementary	  Table	  3:	  Members	  of	  the	  Mustelidae	  family	  used	  in	  this	  
study	  
Sample 

# 
Genus species Common name UWMB# 

/Tissue#  ª 
1 Gulo gulo Wolverine 41022/JR1187 
2 Martes americana American marten 81059/EEM701 
3 Martes pennanti Fisher 81058/KBA1412 
4 Mephitis mephitis Striped skunk 81784/RLP017 
5 Mustela erminea Stoat 81735/JMW032 
6 Mustela frenata Long tailed weasel 81806/JEB1645 
7 Mustela nivalis Least weasel 77364/AVM80 
8 Mustela putorius European polecat 81876/TNL255 
9 Mustela vison American mink 81002/JEB1389 
10 Procyon lotor Raccoon 81971/CMC025 
11 Taxidea taxus American badger 77861/JEB1082 
12 Urocyon cinereoargenteus Gray fox 77676/JR2284 
13 Vulpes vulpes Red fox 80736/JEB1453 
14 Ailurus fulgens Red panda 78647/HH009 
15 Enhydra lutis Sea otter 81995/EEM871 
16 Eumetopias jubatus Stellar sea lion 81964/JEB1748 
17 Lontra canadensis North American river 

otter 
81969/TNL202 

18 Mustela sibirica Siberian weasel 75336/XGZ283 
19 Phoca vitulina Harbor seal 81966/JEB1752 
20 Ursus americanus American black bear 80613/JEB1344 

ªUWMB number and Tissue # are sample identifiers from the Burke Museum of 
Natural History and Culture, Genetic Resources Collection, University of 
Washington, Seattle, WA, USA. 	  
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CHAPTER 3: ROLE OF DISTINCT HOST SIALIC ACIDS IN 

NON–TYPEABLE HAEMOPHILUS INFLUENZAE (NTHi) 

 

3.1 Chapter 3 Preview 

Sialic acids Neu5Gc (N-glycolylneuraminic acid) and its precursor Neu5Ac (N-

acetylneuraminic acid) are the most abundant sialic acid sugars found on mammalian 

cell surface1. Neu5Gc is present in all vertebrates but absent in humans owing to a 

mutation in the CMP-sialic acid hydroxylase enzyme (CMAH)2. When "non-human" 

Neu5Gc is presented as a cell surface glycan, it is recognized by the immune system 

as a "foreign antigen" triggering the generation of xeno-autoantibodies3. Such 

antibodies found in the bloodstream4 has been proposed to contribute to chronic 

inflammation leading to tumor progression and vascular inflammation5 6. The origin 

for the generation of such antibodies has remained unsolved scientifically. Recent 

literature have hypothesized that anti-Neu5Gc antibody production in humans occur 

during infancy whereby dietary Neu5Gc is taken up by non-typeable Haemophilus 

influenzae (NTHi) and presented on LOS3. A human adapted pathogen lacking a 

capsule, NTHi has evolved to utilize sialic acid Neu5Ac to avoid the host complement 

system (LOS)7 by mimicking host glycans8,  to cause virulence9 and promote biofilm 

growth8 10.  

 

In the context of this thesis and this study, the molecular basis of human host adapted 

NTHi preference for either Neu5Ac or Neu5Gc based glycans, the implication for the 

dietary acquisition of Neu5Gc, and the Neu5Gc-LOS generation of anti-Neu5Gc 

antibody hypothesis were investigated. To examine this, studies were focused on the 

sialic acid transport, catabolic and LOS biosynthesis pathway as this pathway is 
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fundamental to sialic acid utilization of NTHi, is highly conserved in NTHi strains 

and has been well characterized11.  

 

For the anti-Neu5Gc hypothesis to hold true, Neu5Gc would have to be preferred over 

Neu5Ac and efficiently incorporated as a terminal sugar on NTHi LOS to generate an 

immune response. The sialic acid transport pathway was not tested as prior studies 

have shown that the SiaPT transporter has no bias towards either sialic acid Neu5Ac 

or Neu5Gc12.  Neu5Gc bias could lie in the catabolic pathway, which was 

investigated.  

 

From the catabolic pathway of Neu5Ac, a metabolic step involved N-Acetyl-D-

galactosamine 6-phosphate (GlcNAc-6P) being converted to D-galactosamine 6-

phosphate (GlcN-6P) by NagA enzyme releasing side products water and acetate. 

This step has been characterized for Neu5Ac but not for Neu5Gc. It was hypothesized 

that if Neu5Gc were metabolized in the same manner as Neu5Ac, by-products water 

and glycolate would be produced.  Being a human exclusive pathogen where there is 

an abundance of Neu5Ac, the Nag A might not convert “foreign” Neu5Gc as 

efficiently as Neu5Ac causing this step to be a metabolic rate limiting step resulting in 

backflow of the Neu5Gc metabolic pathway. Consequently, there would be a sialic 

acid pool of predominantly Neu5Gc, which would be forcefully funneled into the 

LOS biosynthesis pathway causing the display of Neu5Gc as the terminal sugar on the 

LOS. To examine this we grew NTHi strain 2019, a human isolate strain, in RPMI 

chemically defined minimal media formulation13,  supplied the bacteria with a sole 

carbon source and monitored bacterial growth for 12 hours. No difference in NTHi 

growth rate was observed when supplied with either sialic acid Neu5Ac or Neu5Gc as 
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the sole carbon source. NTHi could utilize both sialic acids Neu5Ac and Neu5Gc with 

equal proficiency as a carbon source. This result mirrors prior studies which also 

show sialic acid Neu5Ac can be used as a carbon source and is even preferred to 

glucose, when present together in growth media14. Neu5Gc preference does not lie in 

the catabolic pathway.  

 

The LOS biosynthesis pathway was next examined and an experiment was performed 

involving growing NTHi on sialic acid free chemically defined minimal media RPMI 

according to formulation as previously described11. The media was supplemented 

with different molarity concentrations of Neu5Ac and Neu5Gc. NTHi LOS was 

collected and purified. Sialic acid Neu5Ac and Neu5Gc was quantitated from the pure 

LOS using high performance anion exchange chromatography with amperometric 

detection. Results show that NTHi highly prefers adding Neu5Ac as a terminal sugar 

on to its LOS. Enzyme kinetic parameters; KD, KM, Kcat, Vmax was measured using 

SPR with protocols published previously15 and found to huge substrate specificity for 

sialic acid Neu5Ac. 

 

This study demonstrates that NTHi is unlikely to add dietary Neu5Gc on to its LOS as 

a terminal sugar with huge preference for Neu5Ac. The SiaB protein from the LOS 

biosynthesis pathway is responsible for Neu5Ac preference and is a host adapted 

mechanism specifically to bind Neu5Ac in the human host, as opposed to all other 

bacterial protein equivalents which have a preference for Neu5Gc16.  The hypothesis 

for the generation of anit-Neu5Gc antibodies proposed to have originated during 

infancy from the colonizing NTHi displaying Neu5Gc on its LOS seems highly 

unlikely. This study has also proposed that perhaps NTHi has actually evolved not to 
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display Neu5Gc on its LOS to prevent the presentation of itself as a target for anti-

Neu5Gc antibodies.  

 

Future work of this study would involve testing the hypothesis that anti-Neu5Gc 

antibodies are a selective pressure against expression of Neu5Gc-LOS by conducting 

complement and opsonophagocytic killing assays using purified human Neu5Gc 

specific antibodies. 
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3.4 Host adaptation to human specific sialic acid Neu5Ac by non-typeable 

Haemophilus influenzae. 

 
Title	  

Host	   adaptation	   to	   human	   specific	   sialic	   acid	   Neu5Ac	   by	   non-‐typeable	  

Haemophilus	  influenzae.	  

	  

Authors	  

Preston	  S.K.	  Ng.,	  Christopher	  J.	  Day,	  Lauren	  E.	  Hartley-‐Tassell,	  Apicella,	  M.A.	  	  and	  

Michael	  P.	  Jennings.	  

	  

Abstract	  

Non-‐typeable	  Haemophilus	  influenzae	  (NTHi)	  is	  a	  Gram-‐negative	  cocco-‐baccillus	  

pathogen	   that	   is	   host	   adapted	   exclusively	   to	   humans.	   It	   is	   a	   major	   pathogen	  

infecting	   both	   adults	   (bronchitis,	   COPD)	   and	   children	   (otitis	   media).	   NTHi	  

utilises	  and	  incorporates	  sialic	  acid	  Neu5Ac	  (N-‐acetylneuraminic	  acid)	  from	  the	  

host	   as	   a	   terminal	   sugar	   on	   lipooligosaccharide	   (LOS).	   Sialic	   acid	   is	   critical	   in	  

NTHi	   biofilm	   formation	   and	   evading	   the	   host	   immune	   system.	   Neu5Gc	   (N-‐

glycolylneuraminic	   acid)	   is	   found	   in	  most	   vertebrates	   but	   is	   absent	   in	   humans	  

owing	  to	  a	  mutation	  in	  the	  Neu5Ac	  hydroxylase	  (CMAH)	  gene.	  Thus	  when	  "non-‐

human"	   Neu5Gc	   is	   presented	   as	   a	   cell	   surface	   glycan,	   it	   is	   recognized	   by	   the	  

immune	   system	   as	   a	   "foreign	   antigen"	   triggering	   the	   generation	   of	   xeno-‐

autoantibodies.	   It	  has	  been	  proposed	  that	  anti-‐Neu5Gc	  antibodies	  contribute	  to	  

chronic	   inflammation,	  possibly	   contributing	   to	   tumor	  progression	  and	  vascular	  

inflammation.	   A	   recent	   study	   has	   hypothesized	   that	   anti-‐Neu5Gc	   antibody	  
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production	  in	  humans	  occur	  during	  infancy	  whereby	  dietary	  Neu5Gc	  is	  taken	  up	  

by	  NTHi	  and	  presented	  on	  LOS.	   In	   this	  study	  we	  examined	  Neu5Gc	  uptake	  and	  

presentation	   on	   NTHi	   LOS	   to	   determine	   whether	   the	   transient,	   low	   levels	   of	  

dietary	  Neu5Gc	  are	  preferentially	  utilized	  and	  displayed	  on	  NTHi	  LOS.	  We	  show	  

that	  although	  Neu5Gc	  and	  Ac	  are	  utilized	  equally	  well	   as	  a	   sole	   carbon	  source,	  

Neu5Gc	   is	   not	   incorporated	   in	   LOS	   as	   efficiently	   as	  Neu5AC.	  NTHi	   strain	   2019	  

was	  grown	  on	  media	  supplemented	  with	  various	  ratios	  of	  Neu5Ac	  and	  Neu5Gc,	  

LOS	  was	  purified	  and	  Neu5Ac:Neu5Gc	  ratio	  determined.	  Results	  obtained	  show	  

that	  when	  equal	  amounts	  of	  Neu5Gc	  and	  Neu5Ac	  are	  provided	  there	   is	  ~4-‐fold	  

more	   Neu5Ac	   is	   incorporated	   into	   LOS,	   suggesting	   a	   bias	   in	   some	   step	   in	   the	  

pathway	   for	   LOS	   biosynthesis.	   CMP-‐Neu5Ac	   synthetase	   (siaB)	   enzyme	   was	  

shown	  to	  be	  the	  enzyme	  responsible	  for	  the	  Neu5Ac	  preference	  of	  NTHi,	  with	  a	  

~4000-‐fold	  higher	  catalytic	  efficiency	  (Kcat	  	  /	  Km	  )	  for	  Neu5Ac.	  	  These	  data	  suggest	  

that	  NTHi	  has	  adapted	  preferential	  utilization	  of	  the	  human	  source	  of	  sialic	  acid	  

and	  not	  to	  present	  the	  xeno-‐antigen	  Neu5Gc.	  

	  

Introduction	  

The	   genus	   Haemophilus	   are	   pleomorphic,	   motile	   Gram-‐negative	   coccobacilli	  

belonging	  to	  the	  Gamma	  class	  of	  proteobacteria	  (1)	  (2).	  	  They	  belong	  to	  the	  large	  

and	  diverse	  Pasteurellaceae	  family	  of	  bacteria	   that	  primarily	   infect	   the	  mucosal	  

surface	  of	  a	  diverse	  and	  broad	  range	  of	  vertebrate	  host	  (3)	  (4).	  First	  isolated	  by	  

Pfeiffer	   in	   1982,	   Haemophilus	   influenzae	   (H.	   influenzae)	   is	   a	   human	   exclusive	  

commensal	   organism	   and	   is	   categorized	   into	   typeable	   (capsule	   serotype	   A-‐F)	  

and	  non-‐typeable	  (non-‐capsulated)	  strains	  (5).	  H.	  influenzae	  is	  naturally	  present	  

in	  the	  upper	  respiratory	  tract	  of	  40-‐80%	  of	  healthy	  humans	  however	  it	  can	  be	  a	  
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major	   pathogen.	   The	   capsulated	   strains	   are	   responsible	   for	   causing	   invasive	  

diseases	   such	   as	   meningitidis	   and	   pneumonia;	   while	   non-‐capsulated	   strains	  

cause	   mucosal	   based	   infections	   in	   children	   (otitis	   media)	   and	   the	   elderly	  

(bronchitis,	  septic	  arthritis	  and	  pneumonia).	  	  

	  

Haemophilus	   together	  with	  Actinobaccilus	   and	  Pasteurella,	  form	   the	  HAP-‐group	  

of	  bacteria	  that	  have	  through	  evolution,	  adapted	  to	  infect,	  colonize	  and	  inhabit	  a	  

wide	  range	  of	  vertebrate	  hosts.	  These	  bacteria	  are	  unable	  to	  survive	  out	  of	  their	  

host	   and	   have	   evolved	   host-‐specific	   mechanisms	   to	   obtain	   the	   basic	   nutrients	  

and	  evade	   the	  host	   immune	  system	   for	  continuous	  survival.	  NTHi	  decorate	   the	  

terminus	  of	  its	  lipooligosaccharide	  (LOS)	  with	  sialic	  acids	  to	  mimic	  host	  glycans	  

in	  evading	  the	  host	  immune	  system	  (6)	  (7)	  and	  is	  required	  for	  virulence	  (8)	  and	  

to	  promote	  biofilm	  growth	  (7)	  (9).	  	  

	  

Sialic	   acids	   are	   a	   diverse	   group	   of	   nine	   carbon	   sugars	   (10)	   (11)	   with	   N-‐

glycolylneuraminic	   acid	   (Neu5Gc)	   and	   its	   precursor	   N-‐acetylneuraminic	   acid	  

(Neu5Ac)	  the	  two	  most	  abundant	  sialic	  acids	  found	  on	  mammalian	  cell	  surface.	  

Neu5Gc	   is	   present	   in	   nearly	   all	   mammals	   including	   the	   great	   apes,	   with	   the	  

notable	   exception	   to	   humans	   (12)	   (13),	   owing	   to	   a	  mutation	   in	   the	   CMP-‐sialic	  

acid	  hydroxylase	  enzyme	  (14,	  15)	  (16)	  (17).	  

	  

Absence	   of	   Neu5Gc	   in	   humans	  was	   first	   discovered	   in	   patients	   suffering	   from	  

“serum	   sickness”	   as	   a	   result	   of	   Hanganutziu-‐Deicher	   (HD)	   antibodies	   after	  

transfusion	  with	  animal	  serum	  (18)	  (19)	  (20).	  	  Neu5Gc	  is	  not	  detectable	  in	  body	  

fluids	  and	  the	  tissue	  surfaces	  (Warren	  1963)(21)	  but	  can	  be	  normally	   found	   in	  
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human	   fetal	   tissues	   (27)	   and	   certain	   cancer	   types	   (22	   –	   26)	   (28	   -‐	   29).	   Recent	  

studies	   have	   revealed	  Neu5Gc	   to	   be	   present	   in	  more	   human	   tissue	   types	   than	  

initially	   thought:	   vascular	   endothelium	   (30)	   carcinomas	   (31)	   placental	   tissues	  

(32)	  and	  epithelial	  cells	  lining	  body	  organs	  (26),	  gangliosides	  (33)	  and	  vascular	  

inflammation	  leading	  to	  atherosclerosis	  (30).	  	  

	  

Presence	   of	   Neu5Gc	   in	   the	   human	   body	   has	   been	   proposed	   to	   come	   from	   the	  

incorporation	  of	  dietary	  Neu5Gc	  from	  food	  sources	  such	  as	  red	  meat	  and	  dairy	  

products	   (26).	   Recent	   papers	   published	  have	  described	   the	   incorporation	   (34)	  

and	  metabolism	  (35)	  of	  Neu5Gc	  in	  humans.	  Incorporation	  of	  Neu5Gc	  as	  a	  xeno-‐

sugar	  on	  to	  tissue	  surface	  has	  been	  known	  to	  be	  the	  cause	  of	  inflammation	  as	  a	  

result	   of	   antibodies	   generated	   against	   it.	   These	   anti-‐Neu5Gc	   antibodies	   can	   be	  

found	  circulating	  the	  bloodstream	  (36)	  and	  have	  been	  proposed	  as	  a	  biomarker	  

to	   detect	   cancer	   (37).	   The	   origin	   for	   the	   generation	   of	   anti-‐Neu5Gc	   antibodies	  

has	  been	  proposed	   to	   occur	  during	   infancy	   from	  NTHi	   colonization	   (38).	  NTHi	  

cannot	  synthesize	  sialic	  acid	  and	  must	  scavenge	  exogenous	  sialic	  acid	   from	  the	  

host	   (60).	   If	   Neu5Gc	   is	   present	   in	   a	   dietary	   source	   it	  may	   be	   transported	   and	  

incorporated	  as	  a	  terminal	  sugar	  on	  its	  LOS	  (Figure	  1)	  resulting	  in	  anti-‐Neu5Gc	  

antibodies	   (38).	   NTHi	   regulates	   the	   uptake	   and	   utilization	   of	   sialic	   acid	   as	   a	  

carbon	  source	  or	  for	  incorporation	  into	  macromolecules	  such	  as	  LOS	  (Figure	  1)	  

(39)	  (40).	  

	  

In	   this	   study	   we	   sought	   to	   examine	   the	   relative	   efficiency	   of	   incorporation	   of	  

Neu5Ac	  and	  Neu5Gc	  into	  NTHi	  LOS	  to	  further	  investigate	  the	  generation	  of	  anti-‐

Neu5Gc	  antibodies.	  
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MATERIALS	  AND	  METHODS	  

Bacterial	  strains,	  media	  and	  culture	  conditions	  

NTHi	  strain	  2019	  used	  in	  this	  study,	   is	  a	  human	  clinical	   isolate	  (41).	  The	  strain	  

was	   streaked	  out	   from	   frozen	  glycerol	   stock	  and	  grown	  where	  appropriate,	   on	  

either	   brain	   heart	   infusion	   (BHI)	   broth	   (Oxoid)	   or	   BHI	   agar	   (Oxoid)	  

supplemented	   with	   10	   mg/mL	   hemin	   (Sigma)	   and	   10	   mg/mL	   NAD	   (Sigma).	  

Bacterial	   broth	   or	   agar	   culture	   was	   incubated	   at	   37oC	   for	   16	   hours	   in	   the	  

presence	  of	  5%	  CO2.	  Sialic	  acid	  sole	  carbon	  source	  growth	  experiments	  utilized	  

RPMI	  media	   formulation	  described	  previously	  by	  Coleman	  et	  al.	   (42).	  For	  sialic	  

acid	   free	   chemically	   defined	  media,	   RPMI-‐1640	   (Sigma)	   formulation	  was	   used	  

and	   supplemented	   as	   indicated	   by	   Johnston	   et	   al.	   (39).	   Alternatively	   where	  

appropriate,	  NTHi	  2019	  was	  grown	  on	  chocolate	  agar	  (Oxoid)	  incubated	  at	  37oC	  

for	  16	  hours	  in	  the	  presence	  of	  5%	  CO2.	  E.	  coli	  expression	  strain	  BL21	  (DE3)	  was	  

grown	   on	   Luria-‐Bertani	   (LB)	   broth	   (Oxoid)	   supplemented	   with	   1%	   (w/v)	  

tryptone	   (Oxoid),	   1%	   (w/v)	   yeast	   extract	   (Oxoid)	   and	   0.5%	   (w/v)	   sodium	  

chloride	   (NaCl)	   (Sigma),	   pH	   7	   with	   100	   µg/mL	   ampicillin	   (Sigma)	   where	  

appropriate.	  Chocolate	  agar	  was	  prepared	  by	  adding	  40	  mL	  of	  fresh	  defibrinated	  

horse	  blood	   to	  400	  mL	  of	  blood	  agar	  base	  no.	  2	   (Oxoid)	  prepared	  according	   to	  

manufacturer’s	  instructions,	  followed	  by	  heating	  until	  the	  blood	  lysed.	  	  

	  

Growth	  experiments	  with	  sialic	  acid	  as	  the	  sole	  carbon	  source	  

NTHi	   strain	  2019	  was	   first	   grown	  on	  BHI	   agar	   as	   stated	   above.	  Bacterial	   plate	  

growth	   was	   collected,	   suspended	   in	   BHI	   broth	   centrifuged	   at	   5000	   rpm	   for	   5	  

minutes	  to	  collect	  cell	  pellet.	  Cell	  pellet	  was	  washed	  and	  grown	  in	  supplemented	  

sialic-‐acid	   free	   chemically	   defined	   media	   RPMI-‐1640	   medium	   as	   described	  
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previously	   by	   Coleman	   et	   al.	   	   (42).	   Optical	   density	   (OD)	   was	   normalized	   for	  

cultures	  with	  a	  staring	  growth	  OD	  of	  0.5.	  Cultures	  were	  supplemented	  with	  100	  

µM	  of	  sialic	  acid	  Neu5Ac	  or	  Neu5Gc	  (Inalco),	  20%	  glucose	  (Sigma)	  and	  sodium	  

pyruvate	   (Sigma)	   as	   the	   sole	   carbon	   source	   where	   applicable.	   Growth	   was	  

measured	   at	   optical	   density	   of	  wavelength	  600	  over	   the	   course	   of	   12	  hours	   at	  

37oC.	  	  

	  

NTHi	  LOS	  purification	  and	  preparation	  

NTHi	   strain	   2019	   as	   first	   grown	   on	   chocolate	   agar	   as	   described	   in	   this	   study.	  

Bacterial	   growth	  was	   collected	   and	   re-‐streaked	   on	   RPMI	   plates	   supplemented	  

with	   differing	   molarity	   ratios	   of	   sialic	   acids	   Neu5Ac	   (Inalco)	   and	   Neu5Gc	  

(Inalco).	  Plates	  were	  incubated	  for	  a	  further	  16	  hours	  at	  37oC	  in	  the	  presence	  of	  

5%	  CO2.	   Bacterial	   growth	  was	   collected	   and	   resuspended	   in	   Buffer	   A	   (60	  mM	  

Tris-‐Base,	  10	  mM	  EDTA,	  2%	  SDS,	  pH	  6.8).	  Haemophilus	  LOS	  was	  purified	  using	  

proteinase	  K	  -‐	  hot	  phenol	  method	  as	  described	  previously	  (43)	  (44).	  Purified	  LOS	  

was	  resuspended	  in	  ultra	  pure	  chromatography	  grade	  water	  (Sigma),	  frozen	  at	  	  -‐

80oC	  and	  lyophilized	  overnight	  using	  a	  freeze	  dryer	  (Christ	  Alpha	  1-‐4).	  

	  

NTHi	  LOS	  sialic	  acid	  analysis	  

Dry	  weight	   of	   freeze	   dried	   purified	   LOS	  was	  measured	   and	   for	   each	   sample	   a	  

stock	   of	   1	   mg/mL	   was	   made.	   A	   subsample	   (80	   µ	   L)	   was	   subjected	   to	   acid	  

hydrolysis	   using	   trifluoroacetic	   acid	   (3.35	   M).	   At	   the	   end	   of	   the	   reaction	   the	  

sample	  volume	  was	  dried	  under	  vacuum	  and	  the	  residue	  reconstituted	  using	  an	  

internal	   standard,	  ketodeoxynonulosonic	  acid	   (100	  µ	  L,	  100	  µ	  M).	  The	  analysis	  

was	   carried	   out	   on	   a	   high	   performance	   anion-‐exchange	   chromatograph	   with	  
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pulsed	  amperometric	  detection	  (HPAECPAD)	  fitted	  with	  a	  CarboPAC	  PA1	  guard	  

column	  (2	  x	  50	  mm)	  connected	  to	  a	  CarboPAC	  PA1	  column	  (2	  x	  250	  mm)	  held	  at	  

25	  °C	  (45).	  The	  sample	  (20	  µ	  L)	  was	  injected	  into	  the	  HPEAC-‐PAD	  and	  analysed	  

using	  a	  separation	  gradient	  of	  60	  –	  300	  mM	  sodium	  acetate	  in	  sodium	  hydroxide	  

(100	  mM),	  at	  a	   flow	  rate	  of	  0.5	  mL/min.	  The	  analytes	  detected	  were	  quantified	  

using	  internal	  calibration	  (46)	  

	  

NTHi	   2019	   CMP-‐Neu5Ac	   synthetase	   (SiaB)	   protein	   expression	   and	  

purification	  

PCR	  was	  used	  to	  generate	  a	  NTHi	  strain	  2019	  specific	  siaB	   fragment	  of	  684	  bp	  

from	  Haemophilus	   strain	   Rd	   Kw	   20	   genomic	   DNA	   template	   (HI1279)(6)	   using	  

oligonucleotide	   primers	   (5’	   –	   GACGACGACAAG	   ATG	  

AAAATAATAATGACAAGAATTGCAATT–3’	   and	   5’-‐GAGGAGAAGCCCGG	  	  

GAATTCTTTTGAAATTAAACTTTCGG	  –	  3’)	  containing	  both	  the	  expression	  vector	  

sequence	  (underlined)	  and	  HI1279	  ORF	  sequence.	  	  PCR	  fragment	  was	  cloned	  in	  

to	   pET-‐51	   Ek/LIC	   expression	   vector	   system	   (Milipore).	   The	   sequence	   of	   the	  

fragment	   was	   sequenced	   and	   confirmed	   to	   be	   NTHi	   2019	   specific.	   From	   the	  

sequence,	   the	   molecular	   weight	   of	   SiaB	   was	   determined	   using	   MacVector	  

software.	   Construct	  was	   transformed	   and	   expressed	   in	   BL21	   (DE3)	   competent	  

cells.	   Expression	   of	   protein	   was	   induced	   with	   0.1	   mM	   of	   isopropyl	   β-‐D-‐1-‐

thiogalactopyranoside	  (IPTG)(Sigma)	   followed	   and	   incubated	   at	   37oC	   for	   4	  

hours.	  Cell	  culture	  was	  centrifuged	  at	  5000	  rpm	  for	  15	  minutes	  at	  4oC	  to	  collect	  

cell	   pellet	   and	   resuspended	   in	   lysis	   buffer	   containing	   50	  mM	   sodium	  NaH2PO4	  

300	  mM	  NaCl,	  pH	  7,	  protease	  inhibitor	  cocktail	  (Roche),	   lysozyme	  (0.2	  mg/mL)	  

and	  DNAse	  (10	  ug/mL).	  Cells	  were	  lysed	  using	  a	  tissue	  lyser	  (Qiagen),	  whereby	  
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protein	  was	   released	   through	   5	   rounds	   of	   1	  minute	   cycles	   at	   50Hz.	   Cell	   lysate	  

was	   centrifuged	   at	   10,000	   rpm	   for	   30	   minutes	   to	   pellet	   cell	   debris.	   Clarified	  

supernatant	   was	   collected	   and	  mixed	   with	   1/3	   volume	   of	   buffer	   with	   20	  mM	  

imidazole	   (Sigma).	   The	   cell	   supernatant	   -‐	   resin	   mixture	   was	   shaken	   together	  

gently	   for	  10	  minutes	  at	   room	  temperature	  and	  passed	   through	  1/3	  volume	  of	  

talon	  resin	   (Clontech)	   followed	  by	  washing	  with	  2	   times	  volume	  of	  buffer	  with	  

20	  mM	  imidazole.	  Protein	  was	  eluted	  with	  buffer	  and	  500mM	  imidazole.	  Protein	  

fractions	  were	  pooled	  and	  dialyzed	  against	  two	  buffer	  volumes	  and	  subsequently	  

concentrated.	  	  	  

	  

Enzyme	  assay	  and	  kinetics	  of	  SiaB	  using	  surface	  plasmon	  resonance	  (SPR)	  	  

Enzyme	   assay	  was	  modified	   from	  methods	   previously	   described	   (47).	   Purified	  

SiaB	   protein	   immobilized	   onto	   a	   Series	   S	   CM5	   sensor	   chip	   by	   amine	   coupling.	  

Briefly,	   the	   carboxy	   dextran	   surface	   was	   prepared	   by	   injection	   of	   NHS/EDC	  

followed	  by	   the	   siaB	   protein	   at	   100µg/ml.	   The	   protein	  was	   crosslinked	   by	   the	  

addition	   of	   ethanolamine.	   Flow	   cell	   one	   served	   as	   a	   reference	   cell	   and	   was	  

prepared	   under	   same	   conditons	   without	   protein	   immobilized.	   	   CTP	   and	   sialic	  

acids,	  Neu5Ac	  and	  Neu5Gc,	  were	  diluted	  in	  buffer	  (20mM	  MgCl2	  +0.2M	  MOPS,	  pH	  

8.1)	   (48)	   at	   concentrations	   ranging	   from	   100µM	   to	   0.05nM.	   Single	   and	  multi-‐

cycle	  kinetic	  experiments	  were	  performed	  at	  37oC	  using	  a	  Biacore	  T100	  (Biacore,	  

GE	   Healthcare).	   Affinity	   constant	   (KD)	   of	   CTP,	   Neu5Ac	   and	   Neu5Gc	   was	  

determined	   by	   the	   analysis	   software.	   Enzyme	   kinetic	   parameters	   Km,	   Vmax	  and	  	  

Kcat/Km	  for	  Neu5Ac	  and	  Neu5Gc	  were	  calculated	  (Table	  1).	  
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Results	  and	  Discussion	  

Neu5Gc	  is	  efficiently	  utilized	  as	  a	  carbon	  source	  

The	   utilization	   of	   sialic	   acid	   Neu5Ac	   has	   been	   well	   investigated	   in	   NTHi	   (39).	  

There	   has	   not	   been	   any	   prior	   investigation	   in	   to	   the	   utilization	   of	   Neu5Gc,	   its	  

intracellular	   fate	   and	  metabolic	   derivatives	   produced	   by	   Neu5Gc	   utilization	   in	  

NTHi	   although	   these	   studies	   have	   been	   studied	   and	   well	   characterized	   in	  

humans	  (34)	   (35).	   If	  anti-‐Neu5Gc	  antibodies	  are	  generated	  by	   incorporation	  of	  

transient,	   dietary	   Neu5Gc	   into	   LOS	  we	   hypothesized	   that	   this	   process	  may	   be	  

highly	  efficient	  and	  may	  be	  preferred	  over	  utilisation	  of	  Neu5Ac,	  as	  host	  derived	  

Neu5Ac	  is	  always	  present	  in	  mucous	  and	  probably	  more	  abundant	  that	  Neu5Gc.	  

	  

To	   test	   this	   hypothesis	   we	   first	   tested	   the	   relative	   efficiency	   of	   utilisation	   of	  

Neu5Ac	   and	  Neu5Gc	   as	   a	   sole	   carbon	   source.	   NTHi	   strain	   2019	  was	   grown	   in	  

minimal	  media	  (42)	  supplemented	  with	  various	  sole	  carbon	  sources.	  There	  was	  

no	   difference	   in	   the	   growth	   rate	   of	   NTHi	   observed	   when	   supplemented	   with	  

either	  Neu5Ac	  or	  Neu5Gc	  as	  the	  sole	  carbon	  source	  (Figure	  2).	  The	  results	  also	  

indicated	  that	  NTHi	  had	  a	  faster	  growth	  rate	  when	  the	  media	  was	  supplemented	  

with	  sialic	  acids	  than	  with	  glucose.	  This	  result	  is	  consistent	  with	  previous	  studies	  

indicating	   that	   sialic	   acid	  Neu5Ac	   can	   be	   used	   as	   a	   carbon	   source	   and	   is	   even	  

preferred	  to	  glucose	  (49).	  	  

	  

Preferential	  addition	  of	  Neu5Ac	  or	  Neu5Gc	  on	  NTHi	  LOS	  

Exogenous	   Neu5Gc	   has	   been	   reported	   to	   be	   metabolically	   incorporated	   into	  

human	  tissues	  from	  mammalian	  derived	  food	  sources	  (26)	  and	  implicated	  as	  the	  

cause	   of	   chronic	   inflammation	   in	   various	   body	   tissues.	   It	   has	   been	   strongly	  
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proposed	   that	   anti-‐Neu5Gc	   antibodies	   causing	   such	   inflammation	   were	   first	  

generated	   against	   terminal	   Neu5Gc	   glycoconjugates	   on	   NTHi	   LOS	   from	   host	  

colonization	  during	   infancy	  (38).	  The	  carbon	  source	  experiments	  showed	  NTHi	  

could	  utilize	  both	  neu5Ac	  and	  Neu5Gc	  with	  equal	  efficiency	  indicating	  transport	  

and	   catabolic	   pathways	   were	   unbiased	   (see	   Figure	   1).	   To	   investigate	   the	  

potential	  for	  a	  bias	  for	  Neu5Ac	  or	  Neu5Gc	  in	  the	  LOS	  biosynthesis	  pathway,	  NTHi	  

was	   grown	   in	   sialic	   acid	   free	   RPMI	   media	   supplemented	   with	   various	   molar	  

ratios	  of	  both	  Neu5Ac	  and	  Neu5Gc	  (see	  Figure	  3).	  NTHi	  LOS	  was	  purified,	  treated	  

with	  mild	  acidic	  hydrolysis	  and	  Neu5Ac:Neu5Gc	  ratio	  quantitatively	  determined	  

(µg/mL)	   by	   sugar	   analysis	   using	   high	   performance	   anion	   exchange	  

chromatography	   with	   amperometric	   detection.	   Results	   obtained	   show	   that	  

Neu5Gc	  is	  not	  utilized	  as	  efficiently	  and/or	  that	  Neu5Ac	  is	  highly	  preferred	  over	  

Neu5Gc.	  When	  equal	   amounts	  of	  Neu5Gc	  and	  Neu5Ac	  are	  provided	   to	  NTHi	   in	  

50:50	  ratio,	  the	  amount	  of	  NeuAc	  measured	  was	  4-‐fold	  more	  than	  Neu5Gc	  (P	  =	  

0.0210).	  	  	  

	  

Preference	   for	   sialic	  acid	  Neu5Ac	  of	  NTHi	   is	  due	   to	  CMP-‐Neu5Ac	   synthetase	  

(SiaB)	  

As	  shown	  in	  Figure	  1,	  the	  LOS	  biosynthesis	  pathway	  involves	  several	  genes	  that	  

could	  be	  responsible	   for	   the	  observed	  Neu5Ac	  preference;	   the	  sialic	  acid	  TRAP	  

transporter	   SiaT	   (siaPQM)	   (43),	   the	   CMP-‐sialic	   acid	   synthetase	   siaB	   which	  

converts	  CMP	  from	  CTP	  and	  activates	  sialic	  acid	  to	  CMP-‐sialic	  acid	  form	  to	  act	  as	  

an	   electron	   donor	   prior	   for	   sialylation	   of	   the	   LOS	   (6)	   and	   the	   CMP-‐

sialyltransferases	  siaA,	  LsgB,	  Lic3A	  and	  Lic3B	  which	  add	  sialic	  acid	  as	  a	  terminal	  

sugar	   to	   glycoconjugates	   (50)	   (51).	   It	   has	  been	   shown	   in	  previous	   studies	   that	  
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siaP	   has	   no	   preferential	   binding	   for	   Neu5Ac	   or	   Neu5Gc	   binding	   (52),	   and	   is	  

consistent	   with	   equal	   utilisaton	   of	   Neu5AC	   and	   Neu5Gc	   in	   our	   growth	  

experiments	   (above).	  This	   suggested	   that	  CMP-‐sialic	  acid	  activation	  or	   transfer	  

steps	   were	   responsible	   fro	   the	   observed	   bias.	   We	   first	   investigated	   the	   CMP-‐

sialic	  acid	   synthetase	  SiaB.	   	  Purified	   recombinant	  SiaB	   from	  NTHi	   strains	  2019	  

was	  over-‐expressed	  and	  purified	   from	  E.	  coli.	   	   	  Surface	  plasmon	  resonance	  was	  

used	  to	  determine	  the	  relative	  efficiency	  of	  binding	  to	  Neu5Ac	  and	  Neu5Gc.	  	  The	  

results	   shown	   in	   Table	   1	   reveal	   a	   ~600	   fold	   higher	   Km	   for	   Neu5Ac	   >	   Neu5Gc.	  	  

Having	  established	  this	  substrate	  binding	  preference	  we	  then	  devised	  a	  novel,	  on	  

chip	  SiaB	  activity	  assay	  to	  obtain	  the	  enzyme	  kinetics	  for	  both	  substrates.	  	  These	  

data	  reveal	  a	  4000-‐fold	  difference	  catalytic	  efficiency	  (Kcat	  	  /	  Km	  )	  for	  Neu5Ac	  over	  

Neu5Gc.	  	  

	  

NTHi	  2019	  SiaB	  is	  adapted	  to	  the	  human-‐specific	  sialic	  acid	  Neu5Ac	  

Sialic	  acids	  are	  a	  key	  component	  of	  NTHi	   to	   sialylate	   its	  LOS	   to	  evade	   the	  host	  

immune	   system	   through	   serum	   resistance	   and	  mimicking	   of	   host	   glycans	   (49)	  

(53).	  	  It	  is	  also	  critical	  to	  the	  formation	  of	  biofilms	  during	  NTHi	  colonization	  (9)	  

(7).	  A	  crucial	  step	  in	  the	  NTHi	  LOS	  sialylation	  pathway	  is	  the	  addition	  of	  CMP	  to	  

the	   free	   sialic	   acids	   to	   form	   CMP-‐Sialic	   acid	   by	   the	   CMP-‐sialic	   acid	   synthetase	  

enzyme	   (siaB).	   	   Inactivation	   of	   siaB	   has	   been	   shown	   to	   affect	   NTHi	   biofilm	  

formation	  (otitis	  media	  model)	  (54)	   leading	  to	   increased	  susceptibility	  of	  NTHi	  

to	  host	  complement	  mediated	  killing	  (55).	  	  	  

	  

The	   CMP-‐Neu5Ac	   synthetase	   enzyme	   can	   be	   found	   in	   both	   eukaryotic	   and	  

prokaryotic	   cells	   (56).	   In	   pathogenic	   bacterium	   (Neisseria	   meningitidis,	  
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Escherichia	   coli,	   group	   B	   streptococci,	   Haemophilus	   ducreyi,	   and	   Pasteurella	  

haemolytica)	   and	   non-‐pathogenic	   bacterial	   species	   (Clostridium	   thermocellum)	  

the	   CMP-‐sialic	   acid	   synthetase	   has	   been	   well	   studied	   and	   characterized	   (57).	  

Here	  we	  show	  a	  marked	  substrate	  preference	  for	  Neu5Ac	  of	  Neu5Gc	  by	  SiaB	  of	  

NTHi,	  indicating	  host	  adaptation	  to	  this	  source	  of	  sialic	  acid.	  The	  only	  other	  CMP	  

synthetase	   enzymes	   that	   have	   been	   analysed	   for	   relative	   use	   of	   Neu5Ac	   of	  

Neu5Gc	  substrates	  are	  those	  from	  P.	  haemolytica	  (58)	  and	  C.	  thermocellum	  (59).	  

Neither	  of	   these	  enzymes	   show	  a	  preference	   for	  Neu5Ac	  or	  Neu5Gc	   substrates	  

(se	  Table	  1).	  P.	  haemolytica	  is	  a	  respiratory	  pathogen	  infecting	  mostly	  domestic	  

animals	   (cows	   and	   sheep),	   which	   contain	   both	   Neu5Ac	   and	   Neu5Gc.	   P.	  

haemolytica’s	   equal	   utilization	   of	   these	   substrates	   is	   consistent	   with	   it’s	  

environment.	   Non-‐pathogenic	   C.	   thermocellum,	   a	   anaerobic	   thermophilic	  

bacterium,	   lives	   in	  wide	   variety	   of	   habitats	   including	   the	   including	   the	   human	  

gut.	   In	   contrast,	   the	   human	   adapted	   pathogen	   NTHi	   2019	   has	   evolved	   for	   a	  

pathway	  where	  it	  can	  use	  either	  Neu5Ac	  or	  Neu5Gc	  as	  a	  carbon	  source,	  but	  has	  

preferential	   utilization	   of	   human	   exclusive	   sialic	   acid	   Neu5Ac	   in	   LOS	  

biosynthesis.	  	  

	  

Conclusion	  

We	   aimed	   to	   examine	   the	   molecular	   basis	   of	   NTHi	   uptake	   for	   sialic	   acid	  	  

presentation	   on	   the	   cell	   surface	   to	   better	   understand	   the	   dietary	   Neu5Gc	  

acquisition	  by	  NTHi	  of	  Neu5GC-‐LOS	  as	  the	  source	  of	  generation	  of	  anti-‐Neu5Gc	  

hypothesis.	   There	   is	   no	   doubt	   that	   Neu5Gc	   antibodies	   can	   be	   generated	   by	  

Neu5GC-‐LOS	   LOS	   on	   NTHi	   as	   demonstrated	   by	   Taylor	   et	   al	   (38),	   but	   these	  

studies	  were	  done	  using	  NHTi	  grown	  on	  Neu5GC	  as	  a	  sole	  source	  of	  sialic	  acid,	  a	  
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situation	   that	  does	  no	  occurr	   in	   the	  host.	   It	   is	   clear	  our	  studies	  herein	   that	   the	  

proposed	  hypothesis	  for	  the	  generation	  of	  anti-‐Neu5Gc	  antibodies	  (38)	  may	  only	  

occur	  when	  Neu5Gc	   is	   in	  excess.	  Other	  organisms	   that	  may	  utilize	  Neu5Ac	  and	  

Neu5Gc	   equally	   efficiently	   via	   SiaB	   for	   macromolecule	   biosynthesis	   may	   be	   a	  

more	   likely	   source	   of	   Human	   anti-‐Neu5Gc	   antibodies,	   and	   it	   is	   tempting	   to	  

speculate	   that	   NTHi	   may	   have	   evolved	   its	   preference	   for	   incorporation	   of	  	  

Neu5Ac	   in	   LOS	   to	   avoid	   the	   potential	   for	   bactericidal	   killing	   via	   these	   same	  

antibodies.	  	  
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Figure	  legends	  

	  

Figure	  1:	  Overview	  of	  the	  sialic	  acid	  catabolic	  and	  LOS	  biosynthesis	  pathways	  of	  

NTHi	  for	  sialic	  acids	  Neu5Ac	  (red	  line)	  and	  Neu5Gc	  (blue	  dotted	  line).	  Depending	  

on	  its	  needs,	  NTHi	  can	  decrease	  toxic	  build	  up	  of	  sialic	  acid	  by	  funneling	  excess	  

sugar	  through	  the	  catabolic	  pathway	  or	  convert	  sialic	  acid	  to	  an	  activated	  state	  

for	   LOS	   sialylation	   to	   avoid	   the	   host	   immune	   system.	   In	   the	   inner	   membrane	  

(IM),	  the	  biosynthesis	  pathway	  converts	  sialic	  acid	  to	  CMP-‐sialic	  acid	  which	  acts	  

as	  an	  electron	  donor	  to	  drive	  the	  transfer	  of	  sialic	  acids	  as	  a	  terminal	  sugar.	  The	  

sia-‐glycoconjugates	  are	  flipped	  out	  through	  the	  periplasmic	  space	  (PS)	  on	  to	  the	  

outer	  membrane	  (OM).	  

	  

Figure	   2:	   Growth	   of	   NTHi	   strain	   2019	   in	   sialic	   acid	   free	   RPMI	   media	  

supplemented	  with	  a	  sole	  carbon	  source	  monitored	  over	  12	  hours.	  	  

	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  3	  

	   180	  

Figure	  3:	  Quantified	  sialic	  acid	  (µg/mL)	  of	  pure	  NTHi	  LOS	  grown	  on	  RPMI	  media	  

supplemented	  with	  various	  molarity	  ratios	  of	  Neu5Ac	  and	  Neu5Gc.	  At	  1:1	  ratio,	  

the	   amount	   of	   Neu5Ac	   measured	   was	   found	   to	   be	   significantly	   4	   fold	   over	  

Neu5Gc	  (P=0.0210)	  measured	  using	  a	  two	  tailed	  unpaired	  t-‐test	  analysis.	  

	  

Table	  1:	  Comparison	  of	  the	  CMP-‐Neu5Ac	  synthetase	  enzyme	  kinetic	  parameters	  

of	  NTHi	  2019	  from	  this	  study	  with	  other	  organisms.	  

	  

Source	  
organism	  
(MW,	  Da)	  

Neu5Ac	  or	  Neu5Gc	  

Km	  (µM)	   Vmax	  (µM/min)	   Kcat	  	  /	  Km	  	  
(µM-‐1	  min-‐1)	  

Ref	  

NTHi	  strain	  
2019	  
(24,800)	  

0.143	  x10-‐3	  ±	  
0.012	  

1.8	  ±	  0.6	   315	  (Neu5Ac)	   This	  
stud
y	  85.6	  x	  10-‐3	  ±	  5.3	   0.26	  ±	  0.04	   0.076	  (Neu5Gc)	  

Clostridium	  
thermocellum	  
(26,000)	  

130	  ±	  10	   9	  ±	  1	   1.0	  (Neu5Ac)	   48	  

160	  ±	  10	   7	  ±	  1	   0.6	  (Neu5Gc)	  

Pasteurella	  
haemolytica	  
(43,000)	  

1820	  ±	  200	   197	  ±	  29	   N/A	  (Neu5Ac)	   58	  

3000	  ±	  500	   3000	  ±	  500	   N/A	  (Neu5Gc)	  

	  

Km	  for	  the	  donor	  molecule	  CTP	  was	  200	  µM	  
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Figure	  1	  

	  

	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  3	  

	   182	  

Figure	  2	  
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CHAPTER 4: THE EFFECT OF NEISSERIA MENINGITIDIS CMP-

NANA SYNTHETASE INHIBITORS ON SIALOGLYCAN 

EXPRESSION 

4.1 Chapter 4 Preview 

The polysaccharide capsule of serogroup B has been well characterized to be α(28) 

linked polysialic acid polysaccharide structure1 2 3, the major virulence factor imparting 

Neisseria serogroup B with antibacterial properties, resistance to phagocytosis4, 

protective properties5 and survival within the human cells6. Molecular analysis for the 

assembly of the serogroup B capsular polysaccharide has been well studied (Figure 12) 

with the genes responsible for capsule assembly cloned and expressed in E.coli7 8 9. 

Sialic acid biosynthesis for capsule incorporation involves four key enzymatic steps10 

with all enzymes expressed by genes located in region A of the capsule assembly 

complex; siaA, siaB, siaC and siaD7 8.  

 

SiaB (also known as  neuA for Neisseria) encodes the CMP-Neu5Ac synthetase, a key 

enzyme which functions to convert the sugar Neu5Ac to an activated form, CMP-

Neu5Ac using CTP11 12.  Due to the crucial step in producing an activated sugar 

necessary for sialylation of LOS and the production of capsule to occur, we developed a 

hypothesis that disruption of neuA would lead to decreased sialylation of the LOS and the 

capsule, leading to Neisseria being more sensitive to complement mediated killing. To do 
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this, a novel approach was developed to produce an anti-microbial sialic acid based drug 

to inhibit neuA enzyme activity.  

 

Various compounds were designed with substitutions made at the C-9 position of sialic 

acid Neu5Ac.  Efficacy of the designed compounds were tested on N. meningitidis strain 

MC58 whole cells and quantitatively measured using enzyme-linked immunosorbent 

assay (ELISA). MC58 siaB mutant and complement strain was included in the assay to 

verify that any phenotypic difference observed was due to siaB. ELISA results indicate 

that growth on compounds 10b, 10d-2 and 10e resulted in a statistically significant 

reduction of sialic acid on Neisseria LOS that was ~ 50% of ⊄3 wild type levels. We 

conclude that compounds 10b, 10d-2 and 10e are able to cross the cell membranes and 

act on neuA leading to a decrease in cell surface sialylation of whole cells. The results 

provide an excellent starting point for further CMAS inhibitor development, with the aim 

of developing novel anti-microbial agents. 
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ABSTRACT  

Cell surface sialylation is utilized by several pathogenic bacteria to evade the host 

immune system by conferring resistance to complement mediated lysis and 

opsonophagocytosis and by molecular mimicry of host structures.  Interfering with the 

biosynthesis of cell surface sialoglycoconjugates may therefore provide a novel approach 

to the development of anti-microbial drugs.  We targeted CMP-N-acetylneuraminate 

synthetase (CMAS), a key enzyme in the sialylation pathway, which produces the 

activated nucleotide sugar necessary for sialic acid transfer.  To probe bacterial CMAS, 

novel C-9 functionalized β-methyl neuraminic acid glycosides (β-methyl neuraminides) 

were synthesized.  A number of C-9 carboxamide derivatives were found to reduce the 

activity of the Neisseria meningitidis serogroup B (NmB) enzyme.  Saturation Transfer 

Difference (STD) NMR analysis of these compounds showed interaction with the 

protein.  Incubation of N. meningitidis with the most active of these C-9 carboxamide 

derivatives reduced incorporation of sialic acid into the cell surface glycoconjugate 

(LOS) oligosaccharide.  This study provides an interesting starting point for more 

detailed bacterial CMAS inhibitor development. 
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Introduction  

Sialic acids are nine-carbon acidic sugars based on a 3-deoxy-non-2-ulosonic acid 

framework, constituting a family of over 50 monosaccharides.  The majority of these are 

functionalized (O-acetylated, lactylated, sulfated, phosphorylated or methylated) 

derivatives of N-acetylneuraminic acid (Neu5Ac, 1; Figure 1).1, 2  In humans, sialic acids 

are found α-glycosidically linked, primarily as a terminal residue of cell-surface 

glycoprotein- and glycolipid-associated glycans.1-3  Sialic acids are therefore one of the 

first molecules encountered at the cell surface and as a consequence are intimately 

involved in a wide range of cellular recognition and interaction processes.3, 4  Sialylated 

epitopes are also expressed by a number of pathogenic bacteria and have roles in 

promoting survival and dissemination of the pathogen.5-7  For example the sialic acid 

terminated lipooligosaccharide (LOS) and highly charged polysialic acid capsule of 

serogroup B meningococci, mediate resistance to phagocytosis and hinder complement 

attack,8, 9 and mediate interactions with the host.10  Selective intervention in the 

biosynthesis of bacterial sialoglycoconjugates is a potential strategy for anti-microbial 

drug discovery. 

 

An essential step in the biosynthesis of sialylated glycans in both mammalian and 

bacterial systems, is enzymatic conversion of free Neu5Ac 1 to the activated nucleotide 

sugar form CMP-Neu5Ac 2, through reaction with cytidine 5'-triphosphate (CTP) 

catalyzed by CMP-N-acetylneuraminate synthetase (CMAS) (Figure 1).11-13  As 

activation of Neu5Ac to CMP-Neu5Ac is a prerequisite for incorporation of sialic acids 
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into glycans, CMAS is a potential target for modification of cell surface sialylation.  

Potential for creating CMAS inhibitors selective for bacterial enzymes, lies both in 

structural differences between the bacterial and human enzymes, particularly in the 

binding region for the sialic acid residue,12 and in their different cellular localizations; 

e.g. Neisseria meningitidis serogroup B (NmB) CMAS is cytosolic13 while the human 

enzyme is localized in the nucleus.12  

 

 

Figure 1.  Activation of N-acetylneuraminic acid 1 to the nucleotide sugar form CMP-Neu5Ac 2, 

catalyzed by CMP-N-acetylneuraminate synthetase (CMAS). 

 

Relatively little research has to date been directed specifically towards inhibition of 

CMAS, with only a small number of studies examining the inhibitory effect of modified 

sialic acids14-17 or nucleotide isosteres.18  In contrast, CMAS substrate specificity and 

tolerance of variation in the sialic acid substrate is of particular interest in relation to the 

enzyme's use in the synthesis of glycans terminated by modified sialic acids; for example 

through metabolic oligosaccharide engineering (MOE), where natural glycan 

biosynthetic pathways facilitate expression of modified glycans at the cell surface.19-24  

Implicit in the successful expression of modified sialosides at the cell surface, is some 

measure of tolerance of CMAS for activation of the modified sialic acid substrates.  

CMAS substrate tolerance is also demonstrated through in vitro multi-enzyme 
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chemoenzymatic syntheses, using predominantly microbial enzymes, of sialylated 

glycans containing modified sialic acids.24-28  These studies complement those 

investigating directly the substrate specificities of both mammalian15, 29, 30 and bacterial26, 

28, 31-33 CMAS.  Together these studies have shown a general tolerance of CMAS for 

substitutions at the C-9 position of Neu5Ac 1,15, 21, 30, 34 and acceptance, to a certain 

degree, of substitution at C-4 in the natural configuration,29, 35, 36 and variation in the acyl 

group on the C-5 amine.20, 21, 30, 37   

 

In examining structural modifications to Neu5Ac that could potentially inhibit CMAS 

activity, the C-2 hydroxyl group of Neu5Ac [the nucleophile in coupling Neu5Ac 1 to 

CTP12, 38] was removed, but this modification (both α and β anomers of 2-deoxy-

Neu5Ac) abolished recognition by the mammalian enzyme.14  Retaining the C-2 oxygen 

but blocking it with a methyl group – a methyl glycoside in the β-configuration to mimic 

the β-configuration of CMP-Neu5Ac – however, led to inhibition of CMAS, albeit at 

millimolar concentration (Ki = 2.5 mM).14, 15   

 

As part of our continuing work in sialic acid biology, we sought to further understand 

sialic acid recognition by pathogenic NmB CMAS, and its potential inhibition using 

modified N-acetylneuraminic acid derivatives.  In working towards potential inhibitors of 

CMAS, we have focused on the β-methyl glycoside of Neu5Ac (3, see Scheme 1) as the 

template, based on its known inhibition14, 15 of mammalian CMAS. 
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Results and Discussion 

Structure analysis 

The X-ray crystal structure of NmB CMAS39 shows the enzyme as an asymmetric 

homodimer, with the active site present at the interface of the core domain of monomer A 

and the dimerisation domain of monomer B.40  Kinetic studies as well as crystal 

structures suggest that the CMAS active site switches between the open form for 

substrate binding (and product release), and a catalytically-active 'closed' form.38, 40  X-

Ray structural data for the binding mode of a Neu5Ac residue to CMAS is, to date, 

available only for the murine enzyme, with the closed form of the enzyme complexed 

with CMP–Neu5Ac 2.40  In order to obtain an impression of the potential binding 

environment of the Neu5Ac residue of 2 in the bacterial enzyme, we performed a 

superimposition41 of the closed murine CMAS–2 complex40 (PDB: 1QWJ) with that of 

closed NmB CMAS in complex with CDP39 (PDB: 1EYR), and subsequently aligned the 

cytosine residue of 2 with that of CDP of the NmB complex.  This simple model (Figure 

2) shows the end of the Neu5Ac glycerol side-chain projecting into a large channel, 

which contains a number of positively charged amino acid residues.   
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Figure 2.  Potential binding environment of the Neu5Ac residue of CMP-Neu5Ac 2 in the closed 

form of NmB CMAS.  Solvent accessible surfaces are colored according to charge (red, negative 

charge; blue, positive charge; white, neutral regions).  

 

The potential binding environment of the Neu5Ac glycerol side chain in the model 

(Figure 2), suggests that there may be an opportunity to increase binding affinity with the 

protein through introduction of an electronegative substituent at the terminus of the 

glycerol side chain.  To pursue modification at this position, we took advantage of the 

ready synthesis of the C-9 carboxylic acid derivative of Neu5Ac2Me,42 that could then 

be further elaborated with various simple amines and with amino acids to generate a 

series of C-9 carboxamide derivatives of Neu5Ac2Me. 

 

Synthesis of C-9 functionalized  Neu5Acβ2Me derivatives 

The starting point for the current studies was the synthesis of the β-methyl glycoside of 

N-acetylneuraminic acid methyl ester [Neu5Ac1,β2Me2, 4] from Neu5Ac 1.  Methyl 

esterification of 1 and concomitant formation of the β-methyl glycoside can be achieved 
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by heating 1 under reflux,43 or under microwave irradiation,44 with dry acidic ion 

exchange resin in anhydrous methanol (Scheme 1).  We have found44 that while both 

approaches give comparable yields, microwave irradiation promotes a more rapid 

reaction, and is more economical in terms of solvent and resin requirement, than reaction 

under conventional heating.  The β-stereoselectivity of the glycosylation was established 

by the 1H NMR chemical shift of H-3eq (δ 2.32 ppm in 4 cf  δ 2.67 ppm in the α-

glycoside45).  

 

For the synthesis of the Neu5Acβ2Me C-9 carboxamides, regioselective TEMPO-

mediated oxidation of the primary C-9 hydroxyl group of 4, was followed by 

peracetylation to assist in isolation and purification (Scheme 1).  This gave the key 

intermediate 9-carboxy derivative 542 in 66% yield over two steps.  Compound 5 

ultimately provides an interesting probe of CMAS in its own right (see 8), while the C-9 

carboxy group of 5 provided us with the opportunity to further modify this position 

through coupling with amines of varying functionality.  Elaboration of the carboxylic 

acid was carried out with neutral amines, as well as carboxy-protected amino acids.  The 

latter would, upon deprotection, provide negative charge at the end of the glycerol side-

chain that may enhance binding with positively charged protein residues. 
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Scheme 1.  Synthesis of C-9 carboxamide derivatives of Neu5Acβ2Me a 

 

a Reagents and conditions: (a) MeOH, H+ ion exchange resin, (i) reflux, 48 h (62%), or (ii) MW 

(100 W), 120 ˚C, 15 min,  (63%);  (b) i. TEMPO, DCM, sat. aq. NaHCO3, KBr, Bu4NBr, aq. 

NaOCl, 0 ˚C to 5 °C, 1 h;  ii. Ac2O, pyridine, rt, 16 h (66% over 2 steps);  (c) R'NH2, HOBt, 

EDC, DIPEA, DCM/DMF (4:1), rt, 16 h [6a 60%, 6b 62%, 6c 60%, 6d 56%, 6e 55%];  (d) 

R'C(NH2)CO2CH3 , HOBt, EDC, DIPEA, DCM/DMF (4:1), rt, 16 h [7a 55%, 7b 60%, 7c 60%, 

7d 62%, 7e 55%, 7f 60%, 7g 40%, 7h 45%];  (e) NaOH, MeOH/H2O (1:1), pH 13, 0 ˚C-rt, 16 h. 

 



                                                                                                                               Chapter 4 

 

 

201 

The amide coupling was achieved using a slight modification of an established method 

for coupling the C-1 carboxyl group of Neu5Ac to amino acid esters.46, 47  To minimize 

racemization and side reactions 1-hydroxybenztriazole (HOBt) was added to the reaction. 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), which gives a water soluble 

urea by-product that can be easily removed by aqueous work-up, was used in place of 

(benzotriazol-1-yloxy)-tris(dimethylamino) phosphoniumhexafluorophosphate (BOP 

reagent) because of the potential hazard of HMPA formation associated with coupling 

using the latter reagent.48  9-Carboxy derivative 5 was coupled with a series of aliphatic 

amines, and with a range of amino acid methyl esters, to give carboxamides 6a-e and 7a-

h respectively in moderate yields (see footnote to Scheme 1).  De-O-acetylation followed 

by saponification yielded the 1,9-dicarboxylic acid derivative 8,42 and carboxamides 9a-e 

and 10a-h.  For the serine amino acid carboxamide 10d, two isomers were separable by 

HPLC, although their relative stereochemistry was not determined. 

 

Screening of C-9 functionalized Neu5Acβ2Me derivatives for CMAS inhibition 

We established an HPLC based in vitro screening assay to examine the effect on NmB 

CMAS activity of the C-9 functionalized Neu5Acβ2Me derivatives, and the parent 

compound 3.  Activation of Neu5Ac with CTP was performed with purified NmB CMAS 

in the absence or presence of each compound.  All compounds were evaluated for 

inhibition at a concentration of 50 µM.  The reaction was terminated at a defined time 

point and reaction products and educts were separated by anion exchange 

chromatography and quantified by UV absorption at 260 nm.  For each reaction, the 
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decrease of the CTP value in respect to the value of the negative control without enzyme 

was calculated.  CMAS activity without added compound was used as a reference (100% 

activity) and relative CMAS activity with individual compounds was calculated 

accordingly. 

 

The benchmark parent compound, unsubstituted β-methyl glycoside 3, at 50 µM had 

no apparent inhibitory effect on NmB CMAS.  This outcome is perhaps not unexpected 

given the reported Ki of 15 mM against a mammalian CMAS.15  In contrast, a number of 

the C-9 carboxamide derivatives compounds showed inhibition of NmB CMAS activity 

in this screen; each of the C-9 amino acid-substituted carboxamides (10a–10h), at 50 

µM, reduced enzyme activity compared to the unsubstituted parent compound 3 in a 

range from 9-26%.  The serine (10d-1) and tyrosine (10f) carboxamides were the most 

potent inhibitors of the bacterial CMAS (each giving ~26% reduction in enzyme activity 

at 50 µM).  The level of inhibition of NmB CMAS by these 9-carboxamido 

β-neuraminides is potentially stronger than the previously reported sulfone-based 

nucleotide isosteres, which inhibited NmB CMAS activity at up to 55% at 1 mM.18  

 

Binding mode of selected Neu5Acβ2Me C-9 carboxamides with NmB CMAS 

In order to investigate the interactions and the binding modes of the synthesized 

compounds with NmB CMAS, we utilized STD NMR spectroscopy.  This technique is a 

powerful tool to evaluate ligand–biomolecule interactions, and allows mapping of the 

binding epitope of the ligand, essentially through screening the protons of the ligand for 
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their proximity to the protein upon binding.49-52  For these studies we selected the two 

compounds that showed the greatest reduction in enzyme activity at 50 µM inhibitor 

concentration in the screen against NmB CMAS, 10d-1 and 10f.   

 

It is evident from the STD NMR spectrum (Figure 3) that serine carboxamide 

derivative 10d-1 is recognized by the enzyme.  The binding epitope of 10d-1 in complex 

with NmB CMAS was determined from the relative strength of transferred saturation 

(with the effect at the C-5 NHAc methyl group set at 100%) (Figure 3-A iii).  Moderate 

STD NMR signal intensities are observed for some parts of the Neu5Ac scaffold [H-5/H-

7 (107%) and OMe (115%)].  STD NMR analysis (Figure 3-B i and ii) of C-9 tyrosine 

amide 10f also indicates some recognition and binding to the NmB CMAS (however the 

overall low signal intensity of the STD NMR spectrum precluded generation of a binding 

epitope).  
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Figure 3:  (A) (i) 1H NMR spectrum of 10d-1; (ii) STD NMR of 10d-1 with NmB CMAS; (iii) 

epitope map of 10d-1.  (B) (i) 1H NMR spectrum of 10f; (ii) STD NMR spectrum of 10f with 

NmB CMAS; (iii) structure 10f. 

 

Screening of C-9 functionalized Neu5Acβ2Me derivatives for modulation of NmB 

LOS sialylation  

To determine whether the synthesized compounds were capable of inhibiting CMAS 

(coded by the gene neuA) activity in whole N. meningitidis cells in vitro, we established 

an ELISA-based assay in conjunction with a sialic acid-recognizing lectin to detect cell 

surface sialic acids expressed on the LOS.  Neisseria strain ¢3 wild type (capsule-

deficient strain)10 LOS is sialylated at high levels.  We constructed a corresponding neuA 

knockout strain (¢3neuA::kan) to define zero neuA activity.  A complemented strain for 

In Chapter 4, a lectin based ELISA assay was conceived as a quick and accurate method 
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to evaluate and quantitate Neu5Ac incorporated on to NmB LOS. This ELISA assay is 

sufficient to elucidate any effect the tested inhibitors might have on the SiaB enzyme on 

NTHi LOS sialylation. The assay done in Chapter 3 is against pure LOS purified from 

the hot phenol-water protocol which is time consuming which would be impractical.the 

neuA knockout mutant was also made (¢3neuA::kan, NeuA+) which confirmed the loss 

of sialylation in the neuA mutant was due to inactivity of neuA (see electronic SI, Fig. 

S1).  To determine the quantitative nature of this assay we mixed ¢3 wild type strain and 

¢3neuA::kan knockout mutant in 1:1 ratio.  This resulted in an ~ 44% ± 6%	 reduction in 

value of wild type which was close to ~50%.  Given that not all ¢3 wild type LOS 

molecules are sialylated a value of under 50% was expected (see SI, Fig. S1).  Having 

established the quantitative ELISA we then tested the effect of incubation with C-9 

neutral carboxamides, 9a, 9c and 9e, and the amino acid carboxamides 10a-h, at a final 

concentration of 1 mM in growth media.  The ELISA results indicated that growth in the 

presence of compounds 10b, 10d-2 and 10e resulted in a statistically significant 

reduction of sialic acid on the N. meningitidis LOS that was ~ 50% of ¢3 wild type levels 

(Figure 4).  We conclude that compounds 10b, 10d-2 and 10e are able to cross the cell 

membranes and lead to a decrease in cell surface sialylation of whole cells, potentially 

through inhibition of neuA.  Complementation experiments to test if the reduction in 

LOS sialylation is a result of inhibition of CMAS by the test compounds, will be carried-

out.  
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Figure 4:  ELISA to measure the effect of test compounds on N. meningitidis LOS sialic acid 

modification.  ¢3 wild type; ¢3neuA::kan; a 1:1 ratio of ¢3 wild type were coated on microtitre 

plates and surface sialic acid detected with MAA-HRP conjugate lectin (n=3).  Similarly, ¢3 wild 

type was incubated with test compounds 9a, 9c, 9e and 10a-h at 1 mM final concentration for 4 

h.  An unpaired T-test was used to calculated statistical significant of difference between ¢3 wild 

type and inhibitor treated samples, indicated with asterisks above the samples; 10b (P = 

0.0412)(*), 10d-2 (P = 0.0301)(**), 10e (P = 0.008)(***). 

 

Summary 

In summary, we have prepared and evaluated a range of C-9 functionalized β-methyl 

neuraminides as probes and potential inhibitors of NmB CMAS.  C-9 amino acid 

carboxamide derivatives, which incorporate charge at the end of the Neu5Acβ2Me 

glycerol side-chain, show moderate inhibitory activity against recombinant enzyme, 
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compared to a lack of activity for the C-9 unsubstituted parent compound 3.  Importantly, 

however, a number of these compounds also reduce the level of sialylation of N. 

meningitidis LOS in whole cell studies.  This data provides an exciting starting point for 

further CMAS inhibitor development, with the aim of developing novel anti-microbial 

agents.  

 

EXPERIMENTAL  

Synthetic chemistry – materials and methods.  N-Acetylneuraminic acid (5-acetamido-

3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic acid) (1) was obtained from Jülich 

Chiral Solutions GmbH (Germany) and Carbosynth Ltd (UK). Reagents and dry solvents 

purchased from commercial sources were used without further purification. Anhydrous 

reactions were carried out under an atmosphere of nitrogen or argon, using oven-dried 

glassware. Microwave reactions were conducted using a CEM Discover® SP Explorer 

Hybrid-12 microwave system with single mode cavity. Microwave reactions were 

carried-out in a 10 mL pressure tube, sealed with a Teflon septum. Reactions were 

monitored using thin layer chromatography (TLC) on aluminium plates precoated with 

Silica Gel 60 F254 (E. Merck). Developed plates were observed under UV light at 254 

nm and then visualized after application of a solution of H2SO4 in EtOH (5% v/v) or 

ninhydrin in EtOH (0.2% v/v), as appropriate, and heating. Flash chromatography was 

performed on silica gel 60 (0.040-0.063mm) or a Reveleris® flash chromatography 

system (as indicated) using distilled solvents. 1H and 13C NMR spectra were recorded 

either at 600 or 300 MHz and 150 or 75.5 MHz respectively on a Bruker Avance 600 or 
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300 MHz spectrometer (as indicated). Multiplicities are described using the abbreviation: 

s, singlet; d, doublet, t, triplet; q, quartet; m, multiplet; and app, apparent. Chemical shifts 

(δ) are reported in parts per million, relative to the residual solvent peak as internal 

reference [CDCl3: 7.24 (s) for 1H, 77.0 (t) for 13C; CD3OD: 3.30 (pent) for 1H, 49.0 (sept) 

for 13C; D2O: 4.79 (s) for 1H]. 2D COSY and HSQC experiments were run to support 

assignments. Assignments indicated with an asterisk (*) denote assignments which are 

tentative. Low-resolution mass spectra (LRMS) were recorded, in electrospray ionization 

mode, on a Bruker Daltonics Esquire 3000 ESI spectrometer, using positive or negative 

mode (as indicated). High-resolution mass spectrometry (HRMS) was carried out by the 

Griffith University FTMS Facility on a Bruker Daltonics Apex III 4.7e Fourier 

Transform MS, fitted with an Apollo ESI source or by the University of Queensland MS 

Facility on a Bruker MicrOTOF-Q with a Bruker ESI source. HPLC purification was 

performed on an Agilent HP1100 instrument using a Phenomenex Aqua 5 µ C18 124 Å 

column (250 × 10 mm) at a flow rate of 3mL/min and column temperature of 40 ˚C using 

isocratic elution with solvents as indicated. The purities of all synthetic intermediates 

after chromatographic purification were judged to be >90% by 1H and 13C NMR.  The 

purity of tested compounds was ≥95% by HPLC analysis or by 1H and 13C NMR.   

 

Methyl (methyl 5-acetamido-3,5-dideoxy-D-glycero-β-D-galacto-non-2-

ulopyranosid)onate (4).  Method 1: A mixture of N-acetylneuraminic acid (1) (5.0 g, 

16.18 mmol) and dry Dowex® 50Wx8 (H+) resin (12.5 g) in anhydrous MeOH (250 mL) 
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was refluxed for 48 h, then cooled to room temperature. The resin was then removed by 

filtration and the filtrate concentrated under reduced pressure to give a yellow syrup 

which was dissolved in a small volume of hot ethyl acetate-methanol (3:1, v/v). On 

standing in the cold, crystals were deposited which were separated and further washed 

with ethyl acetate to give 443 as a white crystals (3.4 g, 62%).  Method 2: A mixture of N-

acetylneuraminic acid (1) (1.0 g, 3.24 mmol) and dry Dowex® 50x8 (H+) resin (1.0 g) in 

anhydrous MeOH (25 mL) was microwave irradiated (max. power 100 W) for 15 

minutes at 120 ˚C.44 After completion of the holding time, the reaction mixture was 

cooled to room temperature, the resin was removed by filtration over Celite, and the 

filtrate was concentrated under reduced pressure to give a syrup. The crude product 

mixture was dissolved in a small volume of EtOAc–MeOH, adsorbed onto silica, and 

purified using a Reveleris® flash chromatography system [40 g column; flow rate 30 

mL/min; eluent: 100% EtOAc to 4:1 EtOAc–MeOH] to provide 4 (0.68 g, 63%) as a 

white solid. Rf  0.2 (EtOAc/MeOH 5:1);  1H NMR (300 MHz, CD3OD): δ 1.71 (1 H, dd, 

J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.97 (3 H, s, NHCOCH3), 2.32 (1 H, dd, J3eq,3ax 13.2 

Hz, J3eq,4 4.8 Hz, H-3eq), 3.20 (3 H, s, OCH3), 3.51 (1 H, d, J 9.6 Hz, H-6), 3.59 (1 H, dd,  

J9A,9B 12.0 Hz, J9A,8 5.7 Hz, H-9A), 3.74-3.88 (7 H, m, H-5, H-7, H-8, H-9B and CO2CH3), 

3.94-4.01 (1 H, ddd, J4,3ax 11.4, J4,5 10.8 Hz, J4,3eq 4.8 Hz, H-4); 13C NMR (75.5 MHz, 

CD3OD): δ 21.9 (NHCOCH3), 39.0 (C-3), 50.8 (OCH3), 51.5 (C-5), 53.4 (CO2CH3), 63.2 

(C-9), 66.3 (C-4), 67.8, 69.6 and 70.4 (C-6, C-7 and C-8), 99.0 (C-2), 170.3 and 174.6 

(C-1 and NHCOCH3); LRMS (ESI): m/z 360.3 [(M+Na)+ 100%]. 
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Methyl (methyl 5-acetamido-4,7,8-tri-O-acetyl-8-carboxy-3,5-dideoxy-D-glycero-β-D-

galacto-oct-2-ulopyranosid)onate (5).  To a stirring solution of 4 (5.0 g, 10.8 mmol) and 

TEMPO (0.02 g, 0.18 mmol) in CH2Cl2 (100 mL) was added a solution of saturated aq. 

NaHCO3 (30 mL) containing KBr (0.15 g, 0.3 mmol) and Bu4NBr (0.15 g, 0.4 mmol). 

The biphasic mixture was stirred vigorously at 0 ˚C, while a solution of aq. NaOCl (10-

15%, 35 mL), containing saturated aq. NaHCO3 (18 mL) and saturated NaCl (30 mL), 

was added over 15 min. After 45 min, a further portion of aq. NaOCl (10-15%, 35 mL) 

was added. After an additional 15 min, the pH was adjusted to pH 2 using HCl (4 M) and 

the mixture concentrated under vacuum. The residue was then taken up in pyridine (50 

mL) and acetic anhydride (25 mL), and stirred for 16 h at room temperature, 

concentrated to a yellow syrup, and purified by column chromatography on silica gel to 

give 542 (3.4 g, 66%) as a white solid. Rf  0.2 (EtOAc/MeOH 3:1); 1H NMR (300 MHz, 

CD3OD): δ 1.78 (1 H, dd, J3ax,3eq 12.9 Hz, J3ax,4 11.7 Hz, H-3ax), 1.85 (3 H, s, 

NHCOCH3), 1.95, 2.07 and 2.08 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.39 (1 H, dd, J3eq,3ax 12.9 

Hz, J3eq,4 5.1 Hz, H-3eq), 3.20 (3 H, s, OCH3), 3.78 (3 H, s, CO2CH3), 3.96-4.12 (2 H, m, 

H-5 and H-6), 5.04 (1 H, d, J8,7 9.0 Hz, H-8), 5.13-5.26 (1 H, m, H-4), 5.41 (1 H, dd, J7,8 

9.0 Hz, J7,6 1.5 Hz, H-7); 13C NMR (75.5 MHz, CD3OD): δ 20.0, 20.1 and 21.6 (3 x 

OCOCH3, NHCOCH3), 36.4 (C-3), 48.8 (C-5), 50.9 (OCH3), 53.5 (CO2CH3), 68.0 (C-7), 

69.0 (C-4), 69.5 (C-6), 71.4 (C-8), 99.0 (C-2), 169.1 (C-1), 172.0, 172.7, 173.1, 173.5 

and 174.2 (3 x OCOCH3, NHCOCH3 and C-9); LRMS (ESI): m/z 476 [(M-H)– 100%]; 

HRMS (ESI): calcd for C19H26N1O13 [M-H]– 476.1409, found 476.1423. 
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Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-8-(N-butyl)carboxamido-3,5-dideoxy-

D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (6a).  To a solution of 5 (0.2 g, 0.41 

mmol) in CH2Cl2/DMF (4:1) (5 mL) were added EDC (0.07 g, 0.45 mmol) and HOBt 

(0.06 g, 0.46 mmol) under N2, and the reaction mixture was stirred for 15 min at rt. 

Butylamine (0.08 mL, 0.82 mmol) and DIPEA (0.28 mL, 1.64 mmol) were then added 

and the reaction was stirred at rt. The progress of the reaction was monitored by TLC 

(hexane/EtOAc, 1:5). After 16 h, the reaction mixture was diluted with EtOAc (30 mL) 

and subsequently washed with water (20 mL), satd NaHCO3 (20 mL) and satd NaCl (20 

mL), dried (Na2SO4), filtered, and concentrated under reduced pressure. The crude 

product was purified by flash chromatography (hexane/EtOAc 1:1→1:5) to afford 6a as a 

white solid (135 mg, 60%). Rf 0.30 (hexane/EtOAc 1:5); 1H NMR (300 MHz, CDCl3): δ 

0.89 (3 H, t, Jd,c 7.3 Hz, H-d ), 1.26-1.49 (4 H, m, H-b and H-c), 1.87 (3 H, s, 

NHCOCH3),  1.99, 2.07 and 2.14 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.44 (1 H, dd, J3eq,3ax 

12.6 Hz, J3eq,4 4.8 Hz, H-3eq), 3.14-3.35 (5 H, m, OCH3 and H-a), 3.80 (3 H, s, CO2CH3), 

3.99 (1 H, dd, J6,5 10.5 Hz, J6,7 2.1 Hz, 6-H), 4.15 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 Hz, H-5), 

5.24 (1 H, ddd, J4,3ax ≈ J4,5 10.8 Hz, J4,3eq  4.8 Hz, H-4), 5.32 (1 H, d, J8,7  4.8 Hz, H-8), 

5.36-5.41 (2 H, m, NHCOCH3 and H-7), 6.15 (1H, app. t, J 6.0 Hz, NHCO); 13C NMR 

(75.5 MHz, CDCl3): δ 13.7 (C-d), 20.0, 20.7 and 20.8 (3 x OCOCH3), 20.9 (NHCOCH3), 

31.4, 33.9 and 39.3 (C-a, C-b and C-c), 37.2 (C-3),  49.3 (C-5), 51.2 (OCH3), 52.9 

(CO2CH3), 68.7 (C-4), 69.0 (C-7), 71.4 (C-6), 72.2 (C-8), 98.7 (C-2), 162.3 (CONH), 

165.8 (C-1), 169.5 and 170.2 (2 x OCOCH3 and NHCOCH3), [only two acetate signals 
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were observed]; LRMS (ESI): m/z 555.1 [(M+Na)+ 100%]; HRMS (ESI): calcd for 

C23H37N2O12 [M+H]+ 533.2341, found 533.2341. 

 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-8-(N-decyl)carboxamido-3,5-dideoxy-

D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (6b).  Compound 6b was prepared by 

coupling of 5 (0.3 g, 0.62 mmol) with decylamine (0.18 mL, 0.93 mmol) in a similar 

manner to that described for the synthesis of 6a from 5. The crude reaction product was 

purified by flash chromatography (hexane/EtOAc, 1:1→ EtOAc) to give 6b (240 mg, 

62%) as a white solid. Rf 0.30 (EtOAc); 1H NMR (300 MHz, CDCl3): δ 0.81 (3 H, t, J 6.9 

Hz, n-decyl-CH3), 1.01-1.44 (16 H, m, n-decyl-CH2), 1.83 (3 H, s, NHCOCH3),  1.96, 

2.03 and 2.10 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.42 (1H, dd, J3eq,3ax 12.9 Hz, J3eq,4 5.1 Hz, 

H-3eq), 3.04-3.29 (5 H, m, OCH3 and n-decyl-CH2), 3.77 (3 H, s, CO2CH3), 3.99 (1 H, 

dd, J6,5 10.5 Hz, J6,7 2.7 Hz, H-6), 4.15 (1H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 Hz, H-5), 5.24 (1 H, 

ddd, J4,3ax ≈ J4,5 11.1 Hz, J4,3eq 5.1 Hz, H-4), 5.32 (1 H, d, J8,7 5.1 Hz, H-8), 5.38 (1 H, dd, 

J7,8 5.1 Hz, J7,6 2.7 Hz, H-7), 5.95 (1 H, d, JNH,5 9.9 Hz, NHCOCH3), 6.72 (1H, app.t, J 5.7 

Hz, CONH); 13C NMR (75.5 MHz, CDCl3): δ 14.0 (n-decyl-CH3), 20.7, 20.7 and 20.8 (3 

x OCOCH3), 22.6 (NHCOCH3), 23.0, 24.9, 25.6, 26.8, 29.2, 29.5, 31.8 and 33.8 (n-

decyl-CH2), 37.2 (C-3), 39.7 (n-decyl-CH2), 49.0 (C-5), 51.1 (OCH3), 52.9 (CO2CH3), 

68.8 (C-4), 68.8 (C-7), 71.3 (C-6), 72.1 (C-8), 98.7 (C-2), 165.9 (C-1), 167.5 (CONH), 

169.5, 170.1, 170.4 and 170.9 (3 x OCOCH3 and NHCOCH3); LRMS (ESI): m/z 639.0 
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[(M+Na)+ 100%]; HRMS (ESI): calcd for C29H49N2O12 [M+H]+ 617.3280, found 

617.3263. 

 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-8-(N-cyclohexyl)carboxamido-3,5-

dideoxy-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (6c).  Compound 6c was 

prepared by coupling of 5 (0.4 g, 0.83 mmol) with cyclohexylamine (0.14 mL, 1.25 

mmol) in a similar manner to that described for the synthesis of 6a from 5. The crude 

reaction product was purified by flash chromatography (hexane/EtOAc, 1:1→ EtOAc) to 

give 6c (210 mg, 60%) as a white solid. Rf 0.26 (hexane/EtOAc, 1:5); 1H NMR (300 

MHz, CDCl3): δ 0.99-1.31 (6 H, m, H-b, H-c and H-c'), 1.55-1.85 (6 H, m, H-b', H-d and 

H-d'), 1.85 (3 H, s, NHCOCH3), 1.97, 2.06 and 2.10 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.41 

(1 H, dd, J3eq,3ax 12.6 Hz, J3eq,4 4.8 Hz, H-3eq), 3.15 (3 H, s, OCH3), 3.61-3.73 (1 H, m, H-

a), 3.78 (3 H, s, CO2CH3), 3.94 (1 H, dd, J6,5 10.8 Hz, J6,7 2.4 Hz, H-6), 4.15 (1 H, q, J5,4 ≈ 

J5,6 ≈ J5,NH 10.2 Hz, H-5), 5.16-5.26 (2 H, m, H-4 and H-8), 5.39 (1 H, d, J7,8 5.7 Hz, H-7), 

5.96 (1 H, br.m, NHCOCH3), 6.27 (1 H, q, J 8.1 Hz, CONH); 13C NMR (75.5 MHz, 

CDCl3): δ 20.7, 20.8 and 20.9 (3 x OCOCH3), 23.1 (NHCOCH3), 24.8 (C-d and C-d'), 

25.4 (C-c and C-c'), 32.8 (C-b and C-b'), 37.2 (C-3), 48.5 (C-a), 49.2 (C-5), 51.1 (OCH3), 

52.8 (CO2CH3), 68.5 (C-7), 68.9 (C-4), 71.1 (C-6), 71.5 (C-8), 98.7 (C-2), 165.4 (C-1), 

167.4 (CONH), 169.5, 169.8, 170.3, 170.4 and 171.0 (3 x OCOCH3 and NHCOCH3); 

LRMS (ESI): m/z 581.0 [(M+Na)+ 100%]; HRMS (ESI): calcd for C25H38N2NaO12 

[M+Na]+ 581.2316, found 581.2292. 
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Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-8-(N-benzyl)carboxamido-3,5-

dideoxy-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (6d).  Compound 6d was 

prepared by coupling of 5 (0.2 g, 0.41 mmol) with benzylamine (0.06 mL, 0.61 mmol) in 

a similar manner to that described for the synthesis of 6a from 5. The crude reaction 

product was purified by flash chromatography (hexane/EtOAc, 1:1→ EtOAc) to give 6d 

(133 mg, 56%) as a white solid. Rf 0.65 (EtOAc/MeOH 5:1); 1H NMR (300 MHz, 

CDCl3): δ 1.85 (3 H, s, NHCOCH3), 1.86, 1.99 and 2.14 (3 x 3 H, 3 x s, 3 x OCOCH3), 

2.41 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 3.20 (3 H, s, OCH3), 3.73 (3 H, s, 

CO2CH3), 3.99 (1 H, dd, J6,5 10.5 Hz, J6,7 2.7 Hz, H-6), 4.15 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 

Hz, H-5), 4.31 (1 H, dd, Ja,b 14.7 Hz, Ja,NH 5.1 Hz, H-a), 4.56 (1 H, dd, Jb,a 14.7 Hz, Jb,NH 

6.9 Hz, H-b), 5.24 (1 H, ddd, J4,3ax ≈ J4,5 11.1 Hz, J4,3eq 4.8 Hz, H-4), 5.34 (1 H, d, J8,7 4.5 

Hz, H-8), 5.39 (1 H, m, H-7), 7.14 (1 H, app.t, JNH,a ≈ JNH,b 6.3 Hz, CONH), 7.23-7.30 (5 

H, m, ArH); 13C NMR (75.5 MHz, CDCl3): δ 20.4, 20.8 and 20.9 (3 x OCOCH3), 23.1 

(NHCOCH3), 37.2 (C-3), 43.5 (C-a), 49.1 (C-5), 51.2 (OCH3), 52.9 (CO2CH3), 68.7 (C-

7), 68.8 (C-4), 71.5 (C-6), 72.2 (C-8), 98.8 (C-2), 127.9, 128.0, 128.5, 128.7 and 128.8 (5 

x ArC), 138.7 (ipso-Ar), 165.9 (C-1), 167.5 (CONH), 169.6, 170.2, 170.5 and 171.0 (3 x 

OCOCH3 and NHCOCH3); LRMS (ESI): m/z 588.9 [(M+Na)+ 100%]; HRMS (ESI): 

calcd for C26H34N2NaO12 [M+Na]+ 589.2003, found 589.2002. 
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Methyl {methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-[N-(3-pyridyl-

methyl)]carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid}onate (6e).  

Compound 6e was prepared by coupling of 5 (0.4 g, 0.83 mmol) with 3-

(aminomethyl)pyridine (0.12 mL, 1.25 mmol) in a similar manner to that described for 

the synthesis of 6a from 5. The crude reaction product was purified by flash 

chromatography (hexane/EtOAc, 1:1→ EtOAc) to give 6e (190 mg, 55%) as a white 

solid. Rf 0.48 (EtOAc/MeOH 5:1); 1H NMR (300 MHz, CDCl3): δ 1.82 (3H, s, 

NHCOCH3), 1.85, 1.99 and 2.14 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.47 (1 H, dd, J3eq,3ax 12.9 

Hz, J3eq,4 4.8 Hz, H-3eq), 3.22 (3 H, s, OCH3), 3.77 (3 H, s, CO2CH3), 4.02 (1 H, dd, J6,5 

10.2 Hz, J6,7 2.7 Hz, H-6), 4.13 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 Hz, H-5), 4.33 (1 H, dd, Ja,b 

15.3 Hz, Ja,NH 5.7 Hz, H-a), 4.59 (1 H, dd, Jb,a 15.3 Hz, Jb,NH 6.6 Hz, H-b), 5.26 (1 H, ddd, 

J4,3ax 11.1 Hz, J4,5 10.2 Hz, J4,3eq 4.8 Hz, H-4), 5.33-5.40 (3 H, m, H-7, H-8 and 

NHCOCH3), 7.61-7.70 (2 H, m, 2 x ArH), 7.14 (1 H, app.t, JNH,a ≈ JNH,b 5.9 Hz, CONH), 

8.47-8.57 (3 H, m, 3 x ArH); 13C NMR (75.5 MHz, CDCl3): δ 20.4, 20.8 and 20.8 (3 x 

OCOCH3), 23.2 (NHCOCH3), 37.1 (C-3), 41.0 (C-a), 49.2 (C-5), 51.5 (OCH3), 53.1 

(CO2CH3), 68.4 (C-7), 69.3 (C-4), 72.4 (C-6), 73.2 (C-8), 98.9 (C-2), 123.4, 134.2, 135.9, 

148.6 and 149.5 (5 x ArC), 165.5 (C-1), 170.0, 170.2, 170.6 and 171.0 (3 x OCOCH3 and 

NHCOCH3); LRMS (ESI): m/z 590.1 [(M+Na)+ 100%]; HRMS (ESI): calcd for 

C25H32N3O12 [M-H]– 568.2137, found 568.2134. 
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Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(glycine methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7a).  Compound 

7a was prepared by coupling of 5 (0.3 g, 0.62 mmol) with glycine methyl ester (0.11 g, 

0.93 mmol) in a similar manner to that described for the synthesis of 6a from 5. The 

crude reaction product was purified by flash chromatography (hexane/EtOAc, 1:1→ 

EtOAc) to give 7a (190 mg, 55%) as a white solid. Rf 0.5 (EtOAc/MeOH 5:1); 1H NMR 

(300 MHz, CDCl3): δ 1.85 (3 H, s, NHCOCH3), 1.98, 2.09 and 2.12 (3 x 3 H, 3 x s, 3 x 

OCOCH3), 2.42 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 3.20 (3 H, s, OCH3), 3.71 

and 3.78 (2 x 3 H, 2 x s, 2 x CO2CH3), 3.95-3.98 (3 H, m, H-a and H-6), 4.16 (1 H, q, J5,4 

≈ J5,6 ≈ J5,NH 10.2 Hz, H-5), 5.22 (1 H, ddd, J4,3ax ≈ J4,5 11.1 Hz, J4,3eq 4.8 Hz, H-4), 5.34-

5.37 (2 H, m, H-7 and H-8), 5.64 (1 H, br.s, NHCOCH3), 7.13 (1 H, br.s, CONH); 13C 

NMR (75.5 MHz, CDCl3): δ 20.7, 20.7 and 20.9 (3 x OCOCH3), 23.1 (NHCOCH3), 37.2 

(C-3), 41.2 (C-a), 49.2 (C-5), 51.2 (OCH3), 52.3 and 52.9 (2 x CO2CH3), 68.6 (C-4), 68.7 

(C-6), 71.1 (C-7), 72.0 (C-8), 98.8 (C-2), 166.6 (C-1), 167.5 (CO2CH3), 169.9 (CONH), 

169.6, 170.0, 170.4 and 171.0 (NHCOCH3, 3 x OCOCH3); LRMS (ESI): m/z 571.0 

[(M+Na)+ 100%]; HRMS (ESI): calcd for C22H32N2NaO14 [M+Na]+ 571.1745, found 

571.1736. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-8-(L-alanine methyl 

ester)carboxamido-3,5-dideoxy-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate 

(7b).  Compound 7b was prepared by coupling of 5 (0.23 g, 0.48 mmol) with L-alanine 

methyl ester (0.10 g, 0.72 mmol) in a similar manner to that described for the synthesis 
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of 6a from 5. The crude reaction product was purified by flash chromatography 

(hexane/EtOAc, 1:1→ EtOAc) to give 7b (135 mg, 60%) as a white solid. Rf 0.58 

(EtOAc/MeOH 5:1); 1H NMR (300 MHz, CDCl3): δ 1.40 (1 H, d, Jb,a 7.2 Hz, H-b), 1.87 

(3 H, s, NHCOCH3),  2.00, 2.09 and 2.13 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.42 (1 H, dd, 

J3eq,3ax 12.6 Hz, J3eq,4 4.8 Hz, H-3eq), 3.21 (3 H, s, OCH3), 3.72 and 3.80 (2 x 3 H, 2 x s, 2 

x CO2CH3), 3.95 (1 H, dd, J6,7 2.4 Hz, J6,5 10.2 Hz, H-6), 4.17 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 

10.2 Hz, H-5), 4.49-4.58 (1 H, m, H-a), 5.20-5.38 (4 H, m, H-4, H-7, H-8 and 

NHCOCH3), 6.73 (1H, d, J 7.2 Hz, CONH); 13C NMR (75.5 MHz, CDCl3): δ 18.0 (C-b), 

20.6, 20.7 and 20.9 (3 x OCOCH3), 23.0 (NHCOCH3), 37.2 (C-3), 48.1 (C-a), 51.0 (C-5), 

52.4 (OCH3), 52.5 and 52.8 (2 x CO2CH3), 68.2 (C-4), 68.9 (C-6), 70.6 (C-7), 71.3 (C-8), 

98.7 (C-2), 166.2 (C-1), 167.4 (CO2CH3), 169.6 (CONH), 170.1, 170.4, 171.0 and 173.0 

(NHCOCH3, 3 x OCOCH3); LRMS (ESI): m/z 584.8 [(M+Na)+ 100%]; HRMS (ESI): 

calcd for C23H34N2NaO14 [M+Na]+ 585.1902, found 585.1874. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(L-leucine methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7c).  Compound 

7c was prepared by coupling of 5 (0.3 g, 0.62 mmol) with L-leucine methyl ester (0.16 g, 

0.93 mmol) in a similar manner to that described for the synthesis of 6a from 5. The 

crude reaction product was purified by flash chromatography (hexane/EtOAc, 1:1→1:5) 

to give 7c (230 mg, 60%) as a white solid. Rf 0.29 (EtOAc); 1H NMR (300 MHz, CDCl3): 

δ 0.89-0.92 (6 H, m, H-d and H-d'), 1.57-1.66 (3 H, m, H-c and H-b), 1.87 (3 H, s, 

NHCOCH3),  2.00, 2.09 and 2.12 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.42 (1 H, dd, J3eq,3ax 



                                                                                                                               Chapter 4 

 

 

218 

12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 3.22 (3 H, s, OCH3), 3.70 and 3.79 (2 x 3 H, 2 x s, 2 x 

CO2CH3), 3.94 (1 H, dd, J6,7 2.7 Hz, J6,5 10.5 Hz, H-6), 4.15 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.5 

Hz, H-5), 4.54-4.61 (1 H, m, H-a), 5.20-5.25 (1 H, m, H-4),  5.27 (1 H, d, J8,7 6.3 Hz, H-

8), 5.37 (1  H, dd, J7,8 6.3 Hz, J7,6  2.7 Hz, H-7), 5.45 (1 H, d, JNH,5 9.9 Hz, NHCOCH3), 

6.54 (1 H, d, J 8.4 Hz, CONH); 13C NMR (75.5 MHz, CDCl3): δ  20.6, 20.7 and 20.9 (3 x 

OCOCH3), 21.8 (C-d and C-d'), 23.0 (NHCOCH3), 24.5 (C-c), 37.2 (C-3),  41.2 (C-b), 

49.0 (C-5), 50.8 (C-a), 51.0 (OCH3), 52.2 and 52.8 (2 x CO2CH3), 68.3 (C-4), 69.0 (C-6), 

70.5 (C-7), 71.3 (C-8), 98.6 (C-2), 166.4 and 167.4 (2 x CO2CH3), 169.6 (CONH), 170.0, 

170.5, 170.9 and 173.0 (NHCOCH3, 3 x OCOCH3); LRMS (ESI): m/z 627.0 [(M+Na)+ 

100%]; HRMS (ESI): calcd for C26H40N2NaO14 [M+Na]+ 627.2371, found 627.2380. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5,-dideoxy-8-(D/L-serine methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7d) .  Compound 

7d was prepared by coupling of 5 (0.3 g, 0.62 mmol) with D/L-serine methyl ester 

hydrochloride (0.14 g, 0.93 mmol) in a similar manner to that described for the synthesis 

of 6a from 5. The crude reaction product was purified by flash chromatography 

(hexane/EtOAc, 1:1→ EtOAc) to give 7d (225 mg, 62%) as a white solid. Rf 0.42 

(EtOAc/MeOH 5:1); 1H NMR (300 MHz, CDCl3): δ 1.86 (3 H, s, NHCOCH3), 1.99, 2.12 

and 2.13 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.40 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-

3eq), 3.17 (3 H, s, OCH3), 3.77 and 3.79 (2 x 3 H, 2 x s, 2 x CO2CH3), 3.85-3.98 (3 H, m, 

H-6 and CH2OH), 4.16 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.8 Hz, H-5), 4.44-4.56 (1 H, m, H-a), 

5.24-5.40 (3 H, m, H-4, H-7 and H-8), 5.56 (1 H, d, JNH,5 10.2 Hz, NHCOCH3) 7.09 (1 H, 



                                                                                                                               Chapter 4 

 

 

219 

app.t, J 6.9 Hz, CONH); 13C NMR (75.5 MHz, CDCl3): δ 20.6, 20.8 and 20.9 (3 x 

OCOCH3), 23.1 (NHCOCH3), 37.1 (C-3), 49.2 (C-5), 51.0 and 51.1 (2 x CO2CH3), 52.8 

(OCH3), 52.9 (C-b), 55.1 (C-a), 68.3 (C-4), 68.7 (C-6), 70.3 (C-7), 71.1 (C-8), 98.8 (C-

2), 166.8 (CONH), 170.4, 170.8, 171.1 and 171.3 (3 x OCOCH3, NHCOCH3), [C-1 and 

CO2CH3-serine were not observed]; LRMS (ESI): m/z 600.9 [(M+Na)+ 100%]; HRMS 

(ESI): calcd for C23H34N2NaO15 [M+Na]+ 601.1851, found 601.1831. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(L-phenylalanine 

methyl ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7e).  

Compound 7e was prepared by coupling of 5 (0.3 g, 0.62 mmol) with L-phenylalanine 

methyl ester hydrochloride (0.20 g, 0.93 mmol) in a similar manner to that described for 

the synthesis of 6a from 5. The crude reaction product was purified by flash 

chromatography (hexane/EtOAc, 1:1→ EtOAc) to give 7e (220 mg, 55%) as a white 

solid. Rf  0.45 (EtOAc); 1H NMR (300 MHz, CDCl3): δ 1.84 (3 H, s, NHCOCH3), 1.99, 

2.03 and 2.11 (3 x 3 H, 3 x s, 3 x OCOCH3), 2.39 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, 

H-3eq), 3.10 (1 H, d, J 5.4 Hz, H-b), 3.18 (3 H, s, OCH3), 3.68 and 3.78 (2 x 3 H, 2 x s, 2 

x CO2CH3), 3.91 (1 H, d, J6,5 10.2 Hz, J6,7 2.4 Hz, H-6), 4.14 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 

Hz, H-5), 4.78-4.84 (1 H, m, H-a), 5.14 (1 H, d, J 7.5 Hz, H-8), 5.18-5.36 (3 H, m, H-4, 

NHCOCH3 and H-7), 6.56 (1 H, d, J 7.5 Hz, CONH), 7.14-7.30 (5 H, m, 5 x ArH); 13C 

NMR (75.5 MHz, CDCl3): δ 20.6, 20.7 and 20.9 (3 x OCOCH3), 23.1 (NHCOCH3), 37.3 

(C-b), 37.6 (C-3), 49.1 (C-5), 51.0 (OCH3), 52.3 and 52.8 (2 x CO2CH3), 53.3 (C-a), 68.0 

(C-4), 68.8 (C-6), 70.4 (C-7), 71.0 (C-8), 98.7 (C-2), 127.1, 128.5 and 129.5 (ArC), 
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135.6 (ipso-ArC), 166.5 (C-1), 167.4, 169.5, 170.1, 170.4, 171.0 and 171.4 (CONH, 2 x 

CO2CH3, 3 x OCOCH3 and NHCOCH3); LRMS (ESI): m/z 660.9 [(M+Na)+ 100%]; 

HRMS (ESI): calcd for C29H38N2NaO14 [M+Na]+ 661.2215, found 661.2189. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(L-tyrosine methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7f).  Compound 

7f was prepared by coupling of 5 (0.2 g, 0.41 mmol) with L-tyrosine methyl ester 

hydrochloride (0.14 g, 0.62 mmol) in a similar manner to that described for the synthesis 

of 6a from 5. The crude reaction product was purified by flash chromatography 

(hexane/EtOAc, 1:1→ EtOAc) to give 7f (160 mg, 60%) as a white solid. Rf 0.57 

(EtOAc); 1H NMR (300 MHz, CD3OD): δ 1.83 (3 H, s, NHCOCH3), 1.96, 2.01 and 2.09 

(3 x 3 H, 3 x s, 3 x OCOCH3), 2.43 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 2.94-

2.97 (2 H, m, H-b), 3.14 (3 H, s, OCH3), 3.64 and 3.81 (2 x 3 H, 2 x s, 2 x CO2CH3), 

4.00-4.02 (2 H, m, H-5 and H-6), 4.62 (1 H, app.t, J 6.0 Hz, H-a), 5.12-5.17 (1 H, m, H-

4), 5.20 (1 H, d, J8,7 9.6 Hz, H-8), 5.30 (1 H, d, J 9.3 Hz, H-7), 6.68 (2 H, d, J 8.4 Hz,  

ArH), 7.00 (2 H, d, J 8.4 Hz, ArH); 13C NMR (75.5 MHz, CD3OD): δ 19.6, 19.9 and 21.7 

(3 x OCOCH3, NHCOCH3), 36.6 (C-b), 37.0 (C-3), 48.6 (C-5), 50.4 (OCH3), 51.5 and 

52.4 (2 x CO2CH3), 54.1(C-a), 67.4 (C-4), 69.1 (C-6), 69.6 (C-7), 69.7 (C-8), 98.8 (C-2), 

114.9, 126.6, 130.3 and 155.8 (ArC), 168.0 (C-1), 168.1, 169.6, 170.0, 170.7, 171.2 and 

171.9 (CONH, 2 x CO2CH3, 3 x OCOCH3, NHCOCH3); LRMS (ESI): m/z 677.0 

[(M+Na)+ 100%]; HRMS (ESI): calcd for C29H38N2NaO15 [M+Na]+ 677.2164, found 

677.2152. 
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Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(L-histidine methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7g).  Compound 

7g was prepared by coupling of 5 (0.3 g, 0.62 mmol) with L-histidine methyl ester 

hydrochloride (0.22 g, 0.93 mmol) in a similar manner to that described for the synthesis 

of 6a from 5. The crude reaction product was purified by flash chromatography 

(hexane/acetone, 4:1→1:4) to give 7g (160 mg, 40%) as a white solid.  A small amount 

of unreacted histidine methyl ester co-eluted with the product. Rf 0.70 (hexane/acetone 

1:3); 1H NMR (300 MHz, CDCl3): δ 1.83 (3 H, s, NHCOCH3),  1.98,  2.04 and  2.11 (3 x 

3 H, 3 x s, 3 x OCOCH3), 2.40 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 3.13-3.16 (5 

H, m, H-b and OCH3), 3.69 and 3.77 (2 x 3 H, 2 x s, 2 x CO2CH3), 3.97 (1 H, d, J6,5 10.5 

Hz, J6,7 1.8 Hz, H-6), 4.13 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.5 Hz, H-5), 4.66-4.71 (1 H, m, H-

a), 5.18-5.23 (1 H, m, H-4), 5.26 (1 H, d, J8,7 7.2 Hz, H-8), 5.40 (1 H, dd, J7,8 7.2 Hz, J7,6 

1.8 Hz, H-7), 6.30 (1 H, d, JNH,5 9.6 Hz, NHCOCH3), 7.61-7.67 (3 H, m, CONH and 2 x 

ArH); 13C NMR (75.5 MHz, CDCl3): δ 20.6, 20.7 and 20.9 (3 x OCOCH3), 22.9 

(NHCOCH3), 27.8 (C-b), 37.6 (C-3), 49.2 (C-5), 51.0 (OCH3), 52.3 and 52.8 (2 x 

CO2CH3), 52.9 (C-a), 68.2 (C-4), 68.9 (C-6), 70.1 (C-7), 71.4 (C-8), 98.2 (C-2), 118.4, 

130.4 and 135.2 (3 x ArC), 167.1 (C-1), 167.5, 169.8, 170.5, 170.7, 170.9 and 171.1 

(CONH, 2 x CO2CH3, 3 x OCOCH3, NHCOCH3),; LRMS (ESI): m/z 650.8 [(M+Na)+ 

100%]; HRMS (ESI): calcd for C26H36N4NaO14 [M+Na]+ 651.2120, found 651.2105. 

Methyl [methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-8-(L-tryptophan methyl 

ester)carboxamido-D-glycero-β-D-galacto-oct-2-ulopyranosid]onate (7h).  Compound 
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7h was prepared by coupling of 5 (0.3 g, 0.62 mmol) with L-tryptophan methyl ester 

hydrochloride (0.23 g, 0.93 mmol) in a similar manner to that described for the synthesis 

of 6a from 5. The crude reaction product was purified by flash chromatography 

(hexane/EtOAc, 1:1→1:3) to give 7h (180 mg, 45%) as a white solid. Rf 0.23 

(hexane/EtOAc 1:3); 1H NMR (300 MHz, CDCl3): δ 1.73 (3 H, s, NHCOCH3), 1.86 (1 H, 

app.t, J3ax,3eq ≈ J3ax,4 12.9 Hz, H-3ax), 1.99, 2.00 and 2.09 (3 x 3 H, 3 x s, 3 x OCOCH3), 

2.39 (1 H, dd, J3eq,3ax 12.9 Hz, J3eq,4 4.8 Hz, H-3eq), 3.10 (1 H, dd, J 5.4 Hz, H-b), 3.18 (3 

H, s, OCH3), 3.68 and 3.78 (2 x 3 H, 2 x s, 2 x CO2CH3), 3.91 (1 H, d, J6,5 10.2 Hz, J6,7 

2.4 Hz, H-6), 4.17 (1 H, q, J5,4 ≈ J5,6 ≈ J5,NH 10.2 Hz, H-5), 4.82-4.88 (1 H, m, H-a), 5.13-

5.36 (4 H, m, H-4, H-7, H-8 and NHCOCH3), 6.62 (1 H, d, J 7.5 Hz, CONH), 7.14-7.30 

(5 H, m, 5 x ArH); 13C NMR (75.5 MHz, CDCl3): δ 20.6 and 20.9 (3 x OCOCH3), 23.0 

(NHCOCH3), 37.3 (C-3),  49.3 (C-5), 51.0 (OCH3), 52.0 and 52.4 (2 x CO2CH3), 52.7 

(C-a), 54.9 (C-b), 68.2 (C-4), 68.7 (C-6), 70.4 (C-7), 71.4 (C-8), 98.8 (C-2), 109.4, 111.2, 

118.5, 119.5, 122.1,122.9, 123.6 and 127.3 (7 x ArC), 136.0 (ipso-ArC), 166.4 (C-1), 

167.3, 169.6, 170.2, 170.3, 171.0 and 171.8 (CONH, 2 x CO2CH3, 3 x OCOCH3, 

NHCOCH3); LRMS (ESI): m/z 699.8 [(M+Na)+ 100%]; HRMS (ESI): calcd for 

C31H39N3NaO14 [M+Na]+ 700.2324, found 700.2293. 

General procedure for base catalyzed de-O-acetylation and de-esterification.  To a 

solution of peracetylated methyl ester derivatives in MeOH:H2O (1:1) at 0 ˚C, was added 

aq NaOH (2.0 M) to make pH 13. The reaction mixture was stirred at rt and monitored 

by TLC (hexane/EtOAc, 1:5). After 16 h, the reaction mixture was acidified to pH 8 with 
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Amberlite® IR-120 (H+) resin, the resin was filtered-off and filtrate evaporated under 

reduced pressure to afford yellow syrup. The crude product was purified by column 

chromatography (EtOAc/MeOH/H2O, 7:2:1) to give a solid residue, which was further 

purified by RP-HPLC and then lyophilized. Where TFA was used in the eluent during 

RP-HPLC purification, isolated sodium salts were converted to the free acid form. 

Methyl 5-acetamido-3,5-dideoxy-D-glycero-β-D-galacto-non-2-ulopyranosidonic acid 

(3).14  Prepared from 4 (0.10 g, 0.29 mmol), according to the general procedure for de-

esterification (90 mg, 95% yield). HPLC: 0.05% TFA in 0.3:99.7 CH3CN/H2O; retention 

time 5.5-6.7 min; 1H NMR (300 MHz, D2O): δ 1.72 (1 H, t, J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, 

H-3ax), 2.04 (3 H, s, NHCOCH3), 2.363 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 

3.24 (3 H, s, OCH3), 3.56 (1 H, d, J 9.6 Hz, H-7), 3.65 (1 H, dd, J9A,9B 12.3 Hz, J9A,8 6.0 

Hz, H-9A), 3.81-3.94 (4 H, m, H-5, H-6, H-8 and H-9B), 3.98-4.07 (1 H, m, H-4); 13C 

NMR (75.5 MHz, D2O): δ 22.0 (NHCOCH3), 39.2 (C-3), 50.7 (C-5), 51.7 (OCH3), 63.3 

(C-9), 66.5 (C-4), 68.0 (C-7), 69.7 (C-8), 70.4 (C-6), 99.3 (C-2), 174.7 (NHCOCH3), (C-

1 was not observed); LRMS (ESI): m/z 322.2 [(M-H)– 100%].  

Methyl 5-acetamido-8-carboxy-3,5-dideoxy-D-glycero-β-D-galacto-oct-2-

ulopyranosidonic acid (8).42  Prepared from 5 (0.1 g, 0.20 mmol), according to the 

general procedure for deprotection (64 mg, 90% yield). HPLC: 0.05% TFA in 0.3:99.7 

CH3CN/H2O; retention time 5.5-7.0 min; 1H NMR (300 MHz, D2O): δ 1.63 (1 H, dd, 

J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.92 (3 H, s, NHCOCH3), 2.25 (1 H, dd, J3eq,3ax 13.2 

Hz, J3eq,4 4.8 Hz, H-3eq), 3.12 (3 H, s, OCH3), 3.63-3.71 (2 H, m, H-6 and H-7), 3.79 (1 
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H, app.t, J5,4 ≈ J5,6 10.2 Hz, H-5), 3.86-3.95 (1 H, m, H-4), 4.23 (1 H, d, J7,8 9.0 Hz, H-8); 

13C NMR (75.5 MHz, D2O): δ 22.0 (NHCOCH3), 39.3 (C-3), 50.7 (OCH3), 51.5 (C-5), 

66.5 (C-4), 69.1 (C-6), 70.0 (C-7) and 70.1 (C-8), 99.7 (C-2), 172.8 (C-1), 174.7 (C-9), 

176.5 (NHCOCH3); LRMS (ESI): m/z 359.6 [(M+Na)+ 100%]; HRMS (ESI): calcd for 

C12H19N1NaO10 [M+Na]+ 360.0901, found 360.0915.  

Methyl 5-acetamido-8-(N-butyl)carboxamido-3,5-dideoxy-D-glycero-β-D-galacto-oct-

2-ulopyranosidonic acid (9a).  Prepared from 6a (0.1 g, 0.18 mmol), according to the 

general procedure for deprotection (60 mg, 82% yield). HPLC: 0.05% TFA in 14:86 

CH3CN/H2O; retention time 7.2-11.5 min; 1H NMR (300 MHz, D2O): δ 0.77 (3 H, t, Jd,c 

7.5 Hz, H-d ), 1.14-1.26 (2 H, m, H-c), 1.33-1.43 (2 H, m, H-b), 1.66 (1 H, dd, J3ax,3eq 

13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.93 (3 H, s, NHCOCH3), 2.44 (1 H, dd, J3eq,3ax 12.9 Hz, 

J3eq,4 5.1 Hz, H-3eq), 3.05-3.17 (5 H, m, H-a and OCH3), 3.64 (1 H, dd, J7,8 9.0 Hz, J7,6 

0.9 Hz, H-7), 3.70 (1 H, d, J 10.5 Hz, H-6), 3.79 (1 H, q, J5,4 ≈ J5,6 10.5 Hz, H-5), 5.24 (1 

H, ddd, J4,3ax 11.4 Hz, J4,5 10.5 Hz, J4,3eq 5.1 Hz, H-4), 4.11 (1 H, d, J8,7 9.0 Hz, H-8); 13C 

NMR (75.5 MHz, D2O): δ 12.8 (C-d), 19.2 (C-c), 22.0 (NHCOCH3), 30.3 (C-b), 38.9 (C-

3), 39.1 (C-a), 50.8 (C-5), 51.6 (OCH3), 66.3 (C-4), 68.9 (C-6), 70.3 (C-7), 70.8 (C-8), 

99.2 (C-2), 172.0 (C-1), 174.2 (CONH), 174.8 (NHCOCH3); LRMS (ESI): m/z 391.0 

[(M-H)– 100%]; HRMS (ESI): calcd for C16H27N2O9 [M-H]– 391.1722, found 391.1704.  

Methyl 5-acetamido-8-(N-decyl)carboxamido-3,5-dideoxy-D-glycero-β-D-galacto-oct-

2-ulopyranosidonic acid (9b).  Prepared from 6b (0.2 g, 0.32 mmol), according to the 

general procedure for deprotection (120 mg, 77% yield). HPLC: 0.05% TFA in 52:48 
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CH3CN/H2O; retention time 9.6-11.4 min; 1H NMR (600 MHz, D2O): δ 0.88 (3 H, t, J 

7.2 Hz, n-decyl-CH3), 1.28-1.53 (18 H, m, n-decyl-CH2), 1.63 (1 H, app.t, J3ax,3eq ≈ J3ax, 4 

12.0 Hz, H-3ax), 1.89 (3 H, s, NHCOCH3), 2.34 (1 H, dd, J3eq,3ax 12.6 Hz, J3eq,4 4.2 Hz, H-

3eq), 3.16-3.26 (4 H, m, OCH3 and n-decyl-CH2), 3.66 (1 H, d, J 7.8 Hz, H-7), 3.78 (1 H, 

d, J 10.2 Hz, H-6), 3.86 (1 H, app.t, J 10.2 Hz, H-5), 3.98 (1 H, ddd, J4,3ax 12.0 Hz, J4,5 

10.2 Hz, J4,3eq  4.2 Hz, H-4), 4.15 (1 H, d, J 7.8 Hz, H-8);  13C NMR (150 MHz, D2O): δ 

13.0 (n-decyl-CH3), 21.4 (NHCOCH3), 21.9, 22.3, 22.5, 26.6, 29.0, 29.3 and 31.6 (8, n-

decyl-CH2), 39.0 (C-3), 40.2 (n-decyl-CH2), 50.1 (OCH3), 52.2 (C-5), 66.5 (C-4), 69.8 

(C-6), 70.7 (C-7), 71.0 (C-8), [C-1, C-2, CONH and NHCOCH3 were not observed]; 

LRMS (ESI): m/z 475.1 [(M-H)– 100%]; HRMS (ESI): calcd for C22H39N2O9 [M-H]– 

475.2661, found 475.2644. 

Methyl 5-acetamido-8-(N-cyclohexyl)carboxamido-3,5-dideoxy-D-glycero-β-D-

galacto-oct-2-ulopyranosidonic acid (9c).  Prepared from 6c (0.15 g, 0.27 mmol), 

according to the general procedure for deprotection (90 mg, 82% yield). HPLC: 0.05% 

TFA in 18:82 CH3CN/H2O; retention time 10.5-12.0 min; 1H NMR (300 MHz, D2O): δ 

1.00-1.28 (6 H, m, H-b, H-c and H-d), 1.46-1.72 (5 H, m, H-b', H-c' and H-3ax), 1.94 (3 

H, s, NHCOCH3), 2.27 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.15 (3 H, s, 

OCH3), 3.49-3.56 (1 H, m, H-a), 3.62-3.71 (2 H, m, H-7 and H-6), 3.79 (1 H, q, J5,4 ≈ J5,6 

10.5 Hz, H-5), 3.94 (1 H, ddd, J4,3ax 13.2 Hz, J4,5 10.5 Hz, J4,3eq 4.8 Hz, H-4), 4.10 (1 H, d, 

J8,7 9.0 Hz, H-8); 13C NMR (75.5 MHz, D2O): δ 22.0 (NHCOCH3), 24.3 (C-d), 24.8 (C-c), 

31.8 (C-b), 39.1 (C-3), 48.7 (C-a), 50.8 (OCH3), 51.6 (C-5), 66.4 (C-4), 68.9 (C-6), 70.2 
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(C-7), 70.8 (C-8), 99.3 (C-2), 172.1 (C-1), 173.1 (CONH), 174.8 (NHCOCH3); LRMS 

(ESI): m/z 417 [(M-H)– 100%]; HRMS (ESI): calcd for C18H29N2O9 [M-H]– 417.1878, 

found 417.1857.  

Methyl 5-acetamido-8-(N-benzyl)carboxamido-3,5-dideoxy-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (9d).  Prepared from 6d (0.05 g, 0.08 mmol), according to 

the general procedure for deprotection (22 mg, 80% yield). HPLC: 0.05% TFA in 12:88 

CH3CN/H2O; retention time 17.5-18.5 min; 1H NMR (300 MHz, D2O): δ 1.60 (1 H, dd, 

J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 2.02 (3 H, s, NHCOCH3),  2.33 (1 H, dd, J3eq,3ax 

13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.15 (3 H, s, OCH3), 3.72 (1 H, app.t, J 9.3 Hz, H-7), 3.85 

(1 H, app.t, J5,4 ≈ J5,6 10.2 Hz, H-5), 3.95 (1 H, m, H-4),  4.26 (1 H, d, J8,7 9.0 Hz, H-8), 

4.37-4.48 (2 H, m, H-a and H-b), 7.23-7.33 (5 H, m, 5 x ArH); 13C NMR (75.5 MHz, 

D2O): δ 22.0 (NHCOCH3), 39.6 (C-3),  42.6 (C-a), 50.3 (OCH3), 51.7 (C-5), 66.8 (C-4), 

69.2 (C-6), 69.2 (C-7), 72.2 (C-8), 100.4 (C-2), 127.0, 127.3 and 128.6 (5 x ArC), 137.6 

(ipso-ArC), 174.60 (C-1), 174.67 (CONH), 175.1 (NHCOCH3); LRMS: m/z 424.8 [(M-

H)– 100%]; HRMS (ESI): calcd for C19H25N2O9 [M-H]– 425.1565, found 425.1575.  

Methyl 5-acetamido-3,5-dideoxy-8-[N-(3-pyridyl-methyl)]carboxamido-D-glycero-β-

D-galacto-oct-2-ulopyranosidonic acid (9e).  Prepared from 6e (0.15 g, 0.26 mmol), 

according to the general procedure for deprotection (96 mg, 85% yield). HPLC: 0.05% 

TFA in 1:99 CH3CN/H2O; retention time 7.1-8.1 min; 1H NMR (300 MHz, D2O): δ 1.63 

(1 H, dd, J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.94 (3 H, s, NHCOCH3),  2.27 (1 H, dd, 

J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.13 (3 H, s, OCH3), 3.64 (1 H, dd, J7,8 9.0 Hz, J7,6 
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0.9 Hz, H-7), 3.70 (1 H, dd, J6,5  10.5 Hz, J6,7 0.9 Hz, H-6), 3.79 (1H, q, J5,4 ≈ J5,6 10.5 Hz, 

H-5), 3.95 (1H, ddd, J4,3ax 11.4 Hz, J4,5 10.5 Hz, J4,3eq 4.8 Hz, H-4), 4.27 (1 H, d, J 9.0 Hz, 

H-8), 4.47-4.67 (2 H, m, H-a and H-b), 7.93-7.98 (2 H, m, 2 x ArH), 8.43-8.46 (1H, m, 

ArH), 8.59-8.61 (2 H, m, 2 x ArH); 13C NMR (75.5 MHz, D2O): δ 22.0 (NHCOCH3), 

39.4 (C-3), 39.8 (C-a), 50.6 (OCH3), 51.6 (C-5), 66.5 (C-4), 69.5 (C-6), 70.1 (C-7), 70.5 

(C-8), 99.7 (C-2), 127.2, 138.7, 139.4, 139.9 and 145.6 (5 x ArC), 175.4 (CONH), [C-1 

was not observed]; LRMS (ESI): m/z 426.0 [(M-H)– 100%]. HRMS calcd for C18H24N3O9 

[M-H]– 426.1518, found 426.1498.   

Methyl 5-acetamido-3,5-dideoxy-8-(glycine)carboxamido-D-glycero-β-D-galacto-oct-

2-ulopyranosidonic acid (10a).  Prepared from 7a (0.15 g, 0.27 mmol), according to the 

general procedure for deprotection (85 mg, 80% yield). HPLC: 0.05% TFA in 0.5:99.5 

CH3CN/H2O; retention time 5.4-7.8 min; 1H NMR (600 MHz, D2O): δ 1.60 (1 H, dd, 

J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.89 (3 H, s, NHCOCH3),  2.22 (1 H, dd, J3eq,3ax 

13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.10 (3 H, s, OCH3), 3.64 (1 H, d, J 8.4 Hz, H-7), 3.68 (1 

H, d, J 10.8 Hz, H-6), 3.76 (1 H, app.t, J 10.2 Hz, H-5), 3.85-3.94 (3 H, m, H-4 and H-a), 

4.20 (1 H, d, J 8.4 Hz, H-8); 13C NMR (150 MHz, D2O): δ 22.0 (NHCOCH3), 39.2 (C-3), 

40.8 (C-a), 50.8 (OCH3), 51.6 (C-5), 66.4 (C-4), 69.0 (C-6), 70.3 (C-7), 70.9 (C-8), 99.5 

(C-2), 172.7 (C-1), 173.0 (CO2H), 174.7 (CONH), 175.1 (NHCOCH3); LRMS (ESI): m/z 

392.9 [(M-H)– 100%]; HRMS (ESI): calcd for C14H21N2NaO11 [M-H]– 393.1150, found 

393.1138.  
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Methyl 5-acetamido-8-(L-alanine)carboxamido-3,5-dideoxy-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (10b).  Prepared from 7b (0.10 g, 0.18 mmol), according to 

the general procedure for deprotection (63 mg, 85% yield). HPLC: 0.05% TFA in 

0.5:99.5 CH3CN/H2O; retention time 8.5-10.5 min; 1H NMR (600 MHz, D2O): δ 1.28 (3 

H, d, J 7.2 Hz, H-b), 1.61 (1 H, app.t, J3ax,3eq ≈  J3ax,4 13.2 Hz, H-3ax), 1.88 (3 H, s, 

NHCOCH3),  2.22 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.10 (3 H, s, OCH3), 

3.62 (1 H, d, J 9.0 Hz, H-7), 3.67 (1 H, d, J 10.8 Hz, H-6), 3.76 (1 H, app.t, J 10.2 Hz, H-

5), 3.88 (1 H, ddd, J4,3ax 13.2 Hz, J4,5 10.8 Hz, J4,3eq 4.8 Hz, H-4), 4.15 (1 H, d, J 9.0 Hz, 

H-8), 4.27 (1 H, q, J 7.2 Hz, H-a); 13C NMR (150 MHz, D2O): δ 16.2 (C-b), 22.0 

(NHCOCH3), 39.2 (C-3), 48.4 (C-a), 50.8 (OCH3), 51.5 (C-5), 66.4 (C-4), 69.0 (C-6), 

70.3 (C-7), 70.6 (C-8), 99.3 (C-2), 172.3 (C-1), 174.3 (CO2H), 174.7 (CONH), 176.1 

(NHCOCH3); LRMS (ESI): m/z 407.0 [(M-H)– 100%]; HRMS (ESI): calcd for 

C15H23N2O11 [M-H]– 407.1307, found 407.1296.   

Methyl 5-acetamido-3,5-dideoxy-8-(L-leucine)carboxamido-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (10c).  Prepared from 7c (0.15 g, 0.25 mmol), according to 

the general procedure for deprotection (97 mg, 88% yield). HPLC: 0.05% TFA in 18:82 

CH3CN/H2O; retention time 4.9-7.6 min; 1H NMR (600 MHz, D2O): δ 0.74-0.79 (2 x 3 

H, 2 x d, J 6.6 Hz, H-d and H-d'), 1.49-1.62 (4 H, m, H-c, H-b and H-3ax), 1.89 (3 H, s, 

NHCOCH3), 2.22 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.10 (3 H, s, OCH3), 

3.59 (1H, d, J 9.0 Hz, H-7), 3.67 (1 H, d, J 10.8 Hz, H-6), 3.76 (1 H, app. t, J 10.2 Hz, H-

5), 3.88 (1 H, ddd, J4,3ax 13.2 Hz, J4,5 10.8 Hz, J4,3eq 4.8 Hz, H-4), 4.15 (1 H, d, J 9.0 Hz, 
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H-8), 4.28-4.30 (1 H, m, H-a); 13C NMR (150 MHz, D2O): δ 20.5 and 22.0 (C-d and C-

d'), 22.0 (NHCOCH3), 24.4 (C-b), 39.2 (C-3), 50.7 (OCH3), 51.2 (C-a), 51.6 (C-5), 66.4 

(C-4), 69.2 (C-6), 70.1 (C-7), 70.5 (C-8), 99.5 (C-2), 172.7 (C-1), 174.7 (CO2H), 174.8 

(CONH), 176.1 (NHCOCH3), [C-c was not observed]; LRMS (ESI): m/z 449.1 [(M-H)– 

100%]; HRMS (ESI): calcd for C18H29N2O11 [M-H]– 449.1776; Found 449.1759.  

Methyl 5-acetamido-3,5-dideoxy-8-(D/L-serine)carboxamido-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (10d).  Prepared from 7d (0.10 g, 0.17 mmol), according to 

the general procedure for deprotection (62 mg, 85% yield). The two isomers were 

separable by HPLC: 0.05% TFA in 0.2:99.8→10:90 CH3CN/H2O.  The stereochemistry 

at the serine α-carbon was not assigned.  10d-1: retention time 7.4-8.26 min; 1H NMR 

(300 MHz, D2O): δ 1.60 (1 H, dd, J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-3ax), 1.88 (3 H, s, 

NHCOCH3), 2.22 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.10 (3 H, s, OCH3), 

3.63 (1H, d, J 8.7 Hz, H-7), 3.65-3.92 (5 H, m, H-4, H-5, H-6 and H-b), 4.23 (1H, d, J 

8.7 Hz, H-8), 4.43 (1H, t, J 4.2 Hz, H-a); 13C NMR (75.5 MHz, D2O): δ 22.0 

(NHCOCH3), 39.2 (C-3), 50.8 (OCH3), 51.5 (C-5), 54.5 (C-a), 61.0 (C-b), 66.4 (C-4), 

68.9 (C-6), 70.2 (C-7), 70.6 (C-8), 99.5 (C-2), 172.6 (C-1), 173.1 (CO2H), 174.6 

(CONH), 174.7 (NHCOCH3); LRMS (ESI): m/z 423.0 [(M-H)– 100%]; HRMS (ESI): 

calcd for C15H24N2NaO12 [M+Na]+ 447.1221, found 447.1230.  10d-2: retention time 8.4-

10.1 min; 1H NMR (300 MHz, D2O): δ 1.61 (1 H, dd, J3ax,3eq 13.2 Hz, J3ax,4 11.4 Hz, H-

3ax), 1.88 (3 H, s, NHCOCH3), 2.22 (1 H, dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.11 

(3 H, s, OCH3), 3.63 (1 H, dd, J7,8 9.0 Hz, H-7), 3.66-3.92 (5H, m, H-4, H-5, H-6 and H-
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b), 4.21 (1H, d, J8,7 9.0 Hz, H-8), 4.43 (1 H, t, Jb,a 4.5 Hz, H-a); 13C NMR (75.5 MHz, 

D2O): δ 22.0 (NHCOCH3), 39.1 (C-3), 50.8 (OCH3), 51.5 (C-5), 54.5 (C-a), 61.0 (C-b), 

66.4 (C-4), 69.0 (C-6), 70.2 (C-7), 70.4 (C-8), 99.3 (C-2), 172.2 (C-1), 173.0 (CO2H), 

174.7 (CONH), 174.7 (NHCOCH3); LRMS (ESI): m/z 423.0 [(M-H)– 100%]; HRMS 

(ESI): calcd for C15H22N2NaO12 [M(COOH/COONa)-H]– 445.1075, found 445.1060. 

Methyl 5-acetamido-3,5-dideoxy-8-(L-phenylalanine)carboxamido-D-glycero-β-D-

galacto-oct-2-ulopyranosidonic acid (10e).  Prepared from 7e (0.15 g, 0.24 mmol), 

according to the general procedure for deprotection (85 mg, 75% yield). HPLC: 0.05% 

TFA in 16.5:83.5 CH3CN/H2O; retention time 15-19.8 min; 1H NMR (300 MHz, D2O): δ 

1.63 (1 H, app.t, J3ax,3eq ≈ J3ax,4 12.9 Hz, H-3ax), 1.94 (3 H, s, NHCOCH3),  2.25 (1 H, dd, 

J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 2.95- 3.19 (5 H, m, H-b and OCH3), 3.53 (1 H, d, J 

9.0 Hz, H-7), 3.65 (1 H, d, J 10.2 Hz, H-6), 3.76 (1 H, app.t, J 10.2 Hz, H-5), 3.90 (1 H, 

ddd, J4,3ax 13.2 Hz, J4,5 10.2 Hz, J4,3eq 4.8 Hz, H-4), 4.15 (1 H, d, J 9.0 Hz, H-8), 4.60-4.67 

(1 H, m, H-a), 7.17-7.29 (5 H, m, 5 x ArH); 13C NMR (75.5 MHz, D2O): δ 22.1 

(NHCOCH3), 36.4 (C-b), 39.2 (C-3), 50.8 (OCH3), 51.5 (C-5), 53.7 (C-a), 66.4 (C-4), 

69.1 (C-6), 70.2 (C-7), 70.3 (C-8), 99.5 (C-2), 127.1, 128.6 and 129.5 (ArC), 136.4 (ipso-

ArC), 172.5 (C-1), 174.3 (CO2H), 174.5 (CONH), 174.7 (NHCOCH3); LRMS (ESI): m/z 

506.9 [(M(COOH/COONa)+H)+ 100%]; HRMS (ESI): calcd for C21H27N2O11 [M-H]– 

483.1620, found 483.1603.   

Methyl 5-acetamido-3,5-dideoxy-8-(L-tyrosine)carboxamido-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (10f).  Prepared from 7f (0.10 g, 0.15 mmol), according to 



                                                                                                                               Chapter 4 

 

 

231 

the general procedure for deprotection (59 mg, 77% yield). HPLC: 0.05% TFA in 

8.5:91.5→20:80 CH3CN/H2O; retention time 8.8-18.4 min; 1H NMR (600 MHz, D2O): δ 

1.58 (1 H, app. t, J3ax,3eq ≈ J3ax,4 12.6 Hz, H-3ax), 1.88 (3 H, s, NHCOCH3), 2.20 (1 H, dd, 

J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 2.85 (1 H, dd, J 7.8 Hz, J 13.8 Hz, H-b), 2.99-3.04 

(4 H, m, H-b' and OCH3), 3.51 (1 H, d, J 9.0 Hz, H-7), 3.60 (1 H, d, J 10.2 Hz, H-6), 3.71 

(1 H, app.t, J 10.2 Hz, H-5),  3.85 (1 H, ddd, J4,3ax 13.2 Hz, J4,5 10.2 Hz, J4,3eq  4.8 Hz, H-

4), 4.08 (1 H, d, J 9.0 Hz, H-8), 4.49-4.51 (1 H, m, H-a), 6.68 (1 H, d, J 8.4 Hz, 2 x 

ArH), 6.99 (1 H, d, J 8.4 Hz, 2 x ArH); 13C NMR (150 MHz, D2O): δ 22.0 (NHCOCH3), 

35.6 (C-b), 39.2 (C-3), 50.7 (OCH3), 51.5 (C-5), 53.9 (C-a), 66.4 (C-4), 69.1 (C-6), 70.1 

(C-7), 70.4 (C-8), 99.5 (C-2), 115.3, 128.1, 130.5 and 154.3 (ArC), 172.6 (C-1), 174.3 

(CO2H), 174.5 (CONH), 174.6 (NHCOCH3); LRMS (ESI): m/z 499.0 [(M-H)– 100%]; 

HRMS (ESI): calcd for C21H27N2O12 [M-H]– 499.1569, found 499.1571. 

Methyl 5-acetamido-3,5-dideoxy-8-(L-histidine)carboxamido-D-glycero-β-D-galacto-

oct-2-ulopyranosidonic acid (10g).  Prepared from 7g (0.10 g, 0.16 mmol), according to 

the general procedure for deprotection (60 mg, 80% yield). HPLC: 0.05% TFA in 

0.6:99.4 CH3CN/H2O; retention time 4.8-7.7 min; 1H NMR (600 MHz, D2O): δ 1.57 (1 

H, app.t, J3ax,3eq ≈ J3ax,4 12.6 Hz, H-3ax), 1.88 (3 H, s, NHCOCH3),  2.20 (1 H, dd, J3eq,3ax 

13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 3.06 (3 H, s, OCH3), 3.16 (1 H, dd, J 7.2 Hz, H-b), 3.26 (1 

H, dd, J 4.8 Hz, J 5.4 Hz, H-b'), 3.52 (1 H, d, J 9.6 Hz, H-7), 3.63 (1 H, d, J 10.8 Hz, H-

6), 3.76 (1 H, m, H-5), 3.87 (1 H, ddd, J4,3ax 13.2 Hz, J4,5 10.8 Hz, J4,3eq 4.8 Hz, H-4), 4.10 

(1 H, d, J 9.0 Hz, H-8), 4.59-4.61 (1 H, m, H-a), 7.13 and 8.44  (2 x 1 H, 2 x s, 2 x ArH); 
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13C NMR (150 MHz, D2O): δ 22.0 (NHCOCH3), 26.0 (C-b), 39.2 (C-3), 50.7 (OCH3), 

51.5 (C-5), 51.6 (C-a), 66.3 (C-4), 69.2 (C-6), 70.1 (C-7), 70.3 (C-8), 99.4 (C-2), 117.0, 

117.2 and 128.6 (ArC), 172.6 (C-1), 173.1 (CO2H), 174.5 (CONH), 174.8 (NHCOCH3); 

LRMS (ESI): m/z 473.0 [(M-H)– 60%]; HRMS (ESI): calcd for C18H25N4O11 [M-H]– 

473.1525, found 473.1519. 

Methyl 5-acetamido-3,5-dideoxy-8-(L-tryptophan)carboxamido-D-glycero-β-D-

galacto-oct-2-ulopyranosidonic acid (10h).  Prepared from 7h (0.15 g, 0.22 mmol), 

according to the general procedure for deprotection (86 mg, 75% yield). HPLC: 0.05% 

TFA in 16.5:83.5 CH3CN/H2O; retention time 11.3-18.6 min; 1H NMR (600 MHz, D2O): 

δ 1.54 (1 H, app.t, J3ax,3eq ≈ J3ax,4 12.6 Hz, H-3ax), 1.85 (3 H, s, NHCOCH3),  2.18 (1 H, 

dd, J3eq,3ax 13.2 Hz, J3eq,4 4.8 Hz, H-3eq), 2.97 (3 H, s, OCH3), 3.16 (1H, dd, J 7.2 Hz, H-

b), 3.26 (1 H, dd, J 4.8 Hz, J 5.4 Hz, H-b'), 3.51-3.52 (2 H, m, H-6 and H-7), 3.69 (1 H, 

app.t, J 10.2 Hz, H-5), 3.77-3.81 (1 H, m, H-4), 4.08 (1 H, d, J 8.4 Hz, H-8), 4.62 (1 H, t, 

J 7.2 Hz, H-a), 7.00 (1 H, app.t, J 7.8 Hz, ArH), 7.07-7.11 (2 H, m, ArH), 7.34 (1 H, d, J 

7.8 Hz, ArH), 7.53 (1 H, d, J 7.8 Hz, ArH); 13C NMR (150 MHz, D2O): δ 22.0 

(NHCOCH3), 26.5 (C-b), 39.2 (C-3),  50.6 (OCH3), 51.5 (C-5), 53.3 (C-a), 66.4 (C-4), 

69.0 (C-6), 70.2 (C-7), 70.8 (C-8), 99.7 (C-2), 108.8, 111.8, 118.3, 119.2, 121.9, 124.4, 

126.7 and 136.0 (ArC), 172.9 (CO2H), 174.2 (CONH), 174.9 (NHCOCH3), [C-1 was not 

observed]; LRMS (ESI): m/z 522.0 [(M-H)– 100%]; HRMS (ESI): calcd for C23H28N3O11 

[M-H]– 522.1729, found 522.1705. 
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Protein expression and purification (for screening assay and STD NMR).  Neisseria 

meningitidis serogroup B (NmB) CMAS cDNA (accession Nr. M95053) was subcloned 

into a modified pET22b-Strep vector, allowing the expression of an N-terminal Strep-tag 

II-tagged protein (IBA). The NmB CMAS cDNA was amplified by the use of the primer 

pair MM 310 (5'-ga aga tct GAA AAA CAA AAT ATT GCG G-3') and MM 311 (5'-

GTCCG CTC GAG TTA GCT TTC CTT GTG ATT AAG-3'). The PCR product was 

ligated into BamHI and XhoI sites of the pET vector.  The restriction sites are underlined.   

Recombinant NmB CMAS was expressed in E. coli BL21(DE3) (Novagen) at 15 ˚C and 

purified by affinity chromatography utilizing the StrepII-Tag.  Peak fractions were 

desalted (HiPrep 26/10, GE Healthcare) and concentrated in buffer containing 50 mM 

Tris-HCl, pH 8, 20 mM MgCl2, 150 mM NaCl, and 1 mM DTT to 2.5 mg mL–1.  Protein 

concentrations were determined by measuring the absorption at 280 nm under 

consideration of the specific extinction coefficients calculated using 

http://expasy.org/tools/protparam.html.  Purified protein samples were flash-frozen in 

liquid nitrogen and stored at –80 ˚C until required. 

Screening assay for inhibition of NmB CMAS.  An in vitro assay of CMAS activation 

of Neu5Ac (1), with educts and products of the reaction measured by HPLC, was used to 

screen test compounds for inhibition of the sugar activation reaction.  CMAS activity was 

analyzed in the presence and absence of test compounds and calculated from the decrease 

of absorption of the CTP signal at 260 nm.  The final reaction mixture contained 100 mM 

Tris pH 8.0, 20 mM MgCl2, 1 mM Neu5Ac (1), 1 mM CTP, and 50 µM test compound in 
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a volume of 50 µL.  Enzyme was applied in a final concentration of 0.8 µg/mL.  To 

allow for potential formation of enzyme–inhibitor complexes, 2.5 µL of a 1 mM test 

compound solution was preincubated with 5 µL of CMAS solution in a half area 96 well 

plate at 25 ˚C.  After 6 min, 42.5 µL of mastermix solution containing Tris, MgCl2, 

Neu5Ac and CTP was added and incubated at 37 ˚C for 7 min.  The reaction was stopped 

by adding 25 µL of 200 mM EDTA in 100 mM Tris pH 8 buffer and incubation at 50 ˚C 

for 15 min.  Precipitated protein was removed by centrifugation for 20 min at 4000xg in 

a Heraeus Multifuge 3S-R 40 µL and supernatants were transferred to a 96 well PCR 

plate (Greiner bio-one, Germany).  10 µL supernatant was injected into the HPLC by an 

SIL-20AC XR Autosampler (Shimadzu, Japan).  All pipetting was done by a 96-channel 

pipette Liquidator96 (Steinbrenner Laborsysteme GmbH, Germany).  Products and 

educts were separated on a CarboPac PA-100 column (Dionex, Sunnyvale, CA, USA) in 

a UFLC-RX system (Shimadzu) fitted with a UV detector (SPD-20AV).  

Chromatography was conducted at 0.6 mL min–1 with a column temperature of 50 ˚C and 

a binary gradient using the mobile phases consisting of A: 20 mM NaNO3 and B: 1 M 

NaNO3 was applied.  Products were separated using an elution gradient from 0 to 15% 

over 6 min.  Analysis of chromatograms was done with LCsolution software version 

1.24.  Peak areas of the CTP signal are determined for each sample and subtracted from 

the negative control without enzyme.  Values of samples w/o test compound were set to 

100% activity and samples containing test compound were calculated accordingly.  
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STD NMR spectroscopy.  Saturation Transfer Difference (STD) NMR experiments 

were performed on a Bruker Avance 600 MHz NMR spectrometer, equipped with a 5 

mm TXI probe with triple axis gradient at 298K. The protein was saturated on-resonance 

at −1 ppm and off-resonance at 33 ppm with a cascade of 40 selective Gaussian shaped 

pulses, of 50 ms duration with a 100 µsec delay between each pulse in all STD NMR 

experiments. The total duration of the saturation time was set to 2 s. For the STD NMR 

experiments 23.3 µM NmB CMAS in deuterated 50 mM TRISD5, 50 mM NaCl and 5 mM 

MgCl2 at pH 8.0 was used. The test compounds were added in a molecular ratio protein: 

ligand of 1:100 (NmB CMAS). A total of 1024 scans per STD NMR experiment were 

acquired and a WATERGATE sequence was used to suppress the residual HDO signal. 

A spin-lock filter with a strength of 5 kHz and a duration of 10 ms was applied to 

suppress protein background. 

ELISA-based assay to monitor sialylation of NmB LOS  

Bacterial strains, plasmids, media and growth conditions: Neisseria strains were grown 

on brain heart infusion (BHI, Oxoid) agar plates made with 1% agar and supplemented 

with 10% Levinthal base53 at 37 ˚C with 5% CO2. E. coli strain DH5α was grown on 

Luria-Bertani agar plate or broth.54 Antibiotics ampicillin (amp) and kanamycin (kan) 

were used at a final concentration of 100 µg/mL where appropriate.   

 

Construction of mutant strains: A PCR product encompassing 1 kb upstream and 

downstream of sequence flanking the CMP-Neu5Ac synthase gene (neuA, NMB0069) 
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was amplified off Neisseria strain MC58 using primers containing Neisseria uptake 

sequence; NeuAMC58_FOR (5’-GCCGTCTGAACAGAACCTACAAGGAAGTAAC-

3’) and NeuAMC58_REV (5’- GACGCT GAAGTCTCCATTG-3’) and cloned in to 

pGEM-T-Easy (Promega). Expression of neuA was disrupted through the insertion of a 

kanamycin resistance cassette (KanR) from pUC4Kan plasmid (Amersham Biosciences) 

in to a BamHI restriction site. The resulting mutant construct named pGEM-

T::neuA::KanR was linearized with NcoI-HF and transformed in to Neisseria strain MC58 

¢3 as described previously.55  The new construct was named (¢3neuA::kan). Orientation 

of insert in to vector was verified through sequencing and the generation of a unique 

PCR product with primers NeuABMC58_REV and KanUP_OUT (5’-

AGACGTTTCCCGTTGAATATGGTCAT-3’), a primer located within the KanR 

cassette.  

Complementation of the siaB gene: The neuA mutant was complemented as described 

previously.56 A PCR product of siaB with 300 bp upstream and downstream flanking 

region was amplified using primers with added random bases and restriction enzyme 

sequence; NeuA_COMP_FOR (5’-ACATCGCTTAAG 

GCAACTCAAGTGCAGGTATTAG-3’) (AflII restriction enzyme sequence) and 

NeuA_COMP_REV (5’-GTCGTACCCGGGCTTCTTCATTCAGGGCGCAAC-3’) 

(SmaI restriction enzyme sequence). This insert was cloned in to corresponding AflII  and 

SmaI digested pCTS32 vector under control of the vector promoter. The subsequent 

construct produced named ¢3neuA::kan, NeuA+ was linearized with SalI and 

transformed in to ¢3neuA::kan. Clones were selected on BHI plates supplemented with 
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10% Levinthal base and antibiotics ampicillin (100 µg/mL) and spectinomycin (50 

µg/mL) respectively. Correct recombination of siaB in to the chromosome was verified 

by PCR.  

 

ELISA based inhibitor assay: Neisseria strains were plated out on BHI plates 

(supplemented with antibiotics where necessary) and incubated at 37 ˚C + 5% CO2 

overnight. Cell suspension was prepared from overnight growth in 2X BHI supplemented 

with levinthals, and normalized to OD600 of 1.0. Test compounds were resuspended in 

300 µl of sterile dH20 to give a final concentration of 1 mM and filter sterilized. Standing 

cultures were grown with inhibitors at a starting OD of 0.1 for 4 h at 37 ˚C shaken at 200 

rpm. After incubation, cells were washed and resuspended in PBS and normalized to 

OD600 of 0.2. Cells were heat killed for 1 h at 60 ˚C before being used for ELISA. 50 µl 

of normalized heat killed cells were added per well (Nunc, Thermo Scientific) and the 

plates were dried overnight at room temperature. Wells were blocked with 5%BSA + 1X 

TBST overnight followed by 1 h incubation with 100 µl of lectin MAA-HRP conjugate 

(EY Laboratories) in 1/1400 dilution.  Wells were washed at 5 min intervals with 1X 

TBST repeated 4 times and developed with substrate p-nitrophenyl phosphate (PNPP, 

Thermo Scientific) for 30 min. Reaction was stopped with 50 µl of 1N NaOH and 

absorbance was read at 405 nm. 
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propylethylamine;  EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide;  HOBt, 1-

hydroxybenzotriazole;  MW, microwave irradiation;  Neu5Ac, N-acetylneuraminic acid; 

Neu5Acβ2Me, N-acetylneuraminic acid β-methyl glycoside;  Neu5Ac1,β2Me, N-

acetylneuraminic acid β-methyl glycoside methyl ester;  NmB, Neisseria meningitidis 

serogroup B;  STD, saturation transfer difference (NMR spectroscopy);  TEMPO, 

2,2,6,6-tetramethyl-1-piperidinyloxy, free radical. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 Conclusions and Future directions 

 

In Chapter 2, it can be concluded from detailed molecular and histological analysis 

that ferrets lack an intact CMAH gene and share a mutation similarly observed in 

humans. This could help to explain why ferrets are so uniquely susceptible to 

infection from human influenza A strains and show similar clinical symptoms after 

infection. Nine exons of the CMAH gene are confirmed to be deleted from the ferret 

genome confirmed using single molecule real time (SMRT) sequencing technology. 

This mutation has been confirmed through PCR of conserved exons in closely related 

members to the ferret in the Mustelidae family of the Musteloidea order, as well as 

various other members in the Arctoidea lineage in the Carnivora order such as the 

Pinnipedia and Ursidea families. Exon PCR results together with existing 

phylogenetic literature, estimate the CMAH mutation to have occurred approximately 

38-40 million years ago. A novel virus binding assay technique utilizing STD NMR 

analysis of whole human IAV with fully characterized IAV receptor structures, and 

NA activity assays, confirms the importance of the terminal sugar Neu5Ac in both 

HA and NA functions. It can be concluded that the exclusive expression of Neu5Ac in 

ferrets is a contributing factor to their unique suitability as a model for human adapted 

IAV. Terminal sialic acid of a viral receptor contributes as much as the linkage for 

viral host specificity. 

 

Future directions would include making a transgenic ferret that contains an intact 

CMAH gene and infecting transgenic ferret with influenza A viral strains specific to 
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other host types (eg. avian or equine viral strains). It would be interesting to observe if 

the transgenic ferret have increased susceptibility from non-human viral strains. More 

phylogenetic analysis using our novel PCR technique in amplifying conserved CMAH 

exon regions to detect the presence of Neu5Gc in an organism could be used to screen 

even more animals. Our study has focused on the Caniformia family of Carnivora 

investigating closely related family members of the ferrets with corresponding sister 

taxa. The Felifornia family of Carnivora has not been studied and there is still limited 

understanding pertaining to the presence of Neu5Gc in cats since certain blood group 

antigens contain Neu5Gc1 2. This study can also be expanded to the Canidae family 

where differences of Neu5Gc have been observed in Western and Asian dog breeds3 

4. Another observation worth further investigation is the host range of influenza type 

B which is restricted to only humans and seals5. As we have shown from studies done 

in Chapter 2, seals belong to the Pinnipedia family of Carnivora shown to lack 

Neu5Gc. It could be hypothesized that influenza type B is also restricted by sialic acid 

content of the host. Future direction of this interest could be expanded to virus 

binding assays utilizing STD NMR for human specific influenza type B strains. 

 

Humans generate antibodies against the xeno-suger Neu5Gc. These anti-neu5Gc 

antibodies have been shown to circulate in the bloodstream6. Research through the 

years have proposed anti-neu5Gc antibodies contribute to chronic inflammation 

leading to tumor progression and vascular inflammation7 8. The origin of anti-Neu5Gc 

antibodies has remained unsolved scientifically. A recent study has hypothesized the 

origin of anti-Neu5Gc antibody production in humans to occur during infancy 

whereby dietary Neu5Gc is taken up by NTHi and presented on its LOS as a terminal 

sugar. This triggers an immune response generating anti-Neu5Gc antibodies9. For this 
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to occur, NTHi would have to be highly efficient in taking up exogenous sialic acid 

and would have to  highly prefer Neu5Gc over Neu5Ac demonstrating a bias towards 

Neu5Ac. In Chapter 3, we have confirmed that this hypothesis is unlikely. NTHi 

growth curve experiments utilizing sialic acids as a sole carbon source confirm that 

NTHi utilizes both sialic acids Neu5Ac and Neu5Gc equally well.  However, sugar 

analysis of NTHi LOS preps grown under similar conditions show an overwhelming 

preference for Neu5Ac. The CMP-Neu5Ac synthetase (siaB) enzyme from the sialic 

acid catabolic and transport pathway has been confirmed from this study to be the 

enzyme responsible for Neu5Ac preference. Using surface plasmon resonance (SPR), 

enzyme dissociation constant (KD) of siaB for sialic acid substrates Neu5Ac and 

Neu5Gc has been determined to be 70 pM and 20 nM respectively. From these KD 

values, siaB has a 300 fold preference for Neu5Ac over Neu5Gc. Other full enzyme 

kinetic parameters measured like the enzyme Michaelis constant (Km), enzyme 

maximum velocity (Vmax), enzyme turnover rate (Kcat), confirm high specificity of 

NTHi 2019 siaB towards Neu5Ac in Chapter 3. 

 

Future directions of this study would be to expand the study of siaB of other 

Haemophilus species host adapted to other various host types containing different 

sialic acid content for example, Haemophilus somnus infecting cattle and 

Haemophilus parasuis infecting pigs (Table 1). These different Haemophilus species 

might contain a siaB gene that has different sialic acid binding capacities for both 

Neu5Ac and Neu5Gc. It would an interesting study to measure the full enzyme 

kinetic parameters (as done in Chapter 3) for these different Haemophilus species 

against sialic acid substrates Neu5Ac and Neu5Gc. Most interestingly from the study, 

the huge preference of NTHi towards Neu5Ac seems to indicate that NTHi had 
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instead, actually evolved to prevent the addition of Neu5Gc on its cell surface. 

Prevention of the presentation of cell surface Neu5Gc glycoconjugates would enable 

the pathogen to avoid being a target for human anti-Neu5Gc antibodies. To test if the 

hypothesis that anti-Neu5Gc antibodies are a selective pressure against expression of 

Neu5Gc-LOS, future studies include conducting complement and opsonophagocytic 

killing assays using purified human Neu5Gc specific antibodies from human serum. 

 

In, Chapter 4 a range of C-9 functionalized Neu5Acβ2Me were synthesized to 

modulate the activity of neuA in N. meningitides that complements results obtained 

with STD NMR and HPLC enzymatic assay in the same study. From the compounds 

tested, it can be seen that compounds 10b, 10d-2 and 10e are able to cross the cell 

membrane and act on neuA leading to a decrease in cell surface sialylation of whole 

cells. The results provide an excellent starting point for further neuA inhibitor 

development, with the aim of developing future novel anti-microbial agents. It can 

also be concluded that the ELISA assay technique can be used as a viable assay to test 

and evaluate the efficiency of designed inhibitor compounds.  

 

Future directions would include measuring the full enzyme kinetics of the most 

efficient compound, inhibitor 10e with Biacore to show that the inhibitor binds tightly 

to the active site of neuA.  The ELISA assay technique will be also used to screen 

more compounds having functionalization at different sites of sialic acid 

Neu5Acβ2Me scaffold. 

 

All the studies presented in this study have certainly cemented the fact that glycans 

are especially crucial to human - pathogen interactions of Haemophilus, Neisseria and 
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influenza A virus to infect, colonize and spread within the human host. Sialic acids, 

the 9-carbon sugar molecule coupled as a terminal sugar on cell surface 

glycoconjugates, is a critical component contributing to the virulence factors of these 

pathogens. Various molecular techniques utilized and results obtained in this thesis, 

has certainly given a deeper understanding in to the sialobiology of these organisms 

which has the potential in the future, lead to the development of novel antimicrobial 

drugs.. 
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